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PREFACE 


Beginning 1931, the dates’ of issue of the tjuarterly Ti{an.sa(;'1I()Ns 
have been advanced three months, Part f being dated March, Pari. 11 
June, Part III September, and Part IV Dectember. This volume is tin* 
fourth Quarterly for 1931 and contains the ])apers and discussions pre¬ 
sented at the Summer Convention, Asheville, N. ( and the cunudcte 
reports of the Technical Committees for the current year. 

Following the established practise, the last Quarterly of each year 
contains a complete annual subject and authoi's’ index whi(‘h in this 
volume covers the contents of the four 1931 Quarterlies. 



(Jommunication in the Western Division of the 

Niagara Hudson System 

BY EDWIN S. BUNDYi 

Member, A. I. "E. E. 


E xtensive interconnection of electric generating 
and transmitting systems has brought the problem 
of rapid, dependable communication to the fore. 
Present day systems cover such large areas that the 
communication lines have become almost as important 
as the power lines themselves. 

Men operating these systems must have some means 
of immediate communication with several points on the 
system. More than that, the system of communica¬ 
tion must be highly reliable and as safe from the destruc¬ 
tive forces of nature as it can be made, because it is 
usually most needed when power system operation is 
upset by storms. 

The area covered by the Western division of the 
Niagara Hudson System and the location of the various 
generating and switching points are given below: 

The Nia^a Hudson System spans New York State 
from the Pennsylvania border, near Jamestown, to the 
Massachusetts border, near Albany, with a branch of 
the lines extending northward to the International 
boundary between New York and Quebec. The 
western division of this system includes all that part 
west of Lyons. This area is shown graphically on the 
copy of the system map in Fig. 1. 

Main generating stations of the western division are 
located at Niagara Falls and Buffalo, but power is 
also available from plants on the Adirondack streams 
and in the Mohawk and Hudson river valleys. Through 
interconnections, power may also be secured from plants 
on the Canadian side of the Niagara River and from an 
adjoining system in Pennsylvania. 

Main switching stations of the western division are 
located at Buffalo, Niagara Falls, GardenVille, Lock- 
port, Mortuner, Jamestown and Glean. These points 
are clearly designated on the system map. 

In the economical operation of a large system such as 
this, which includes both steam and hydroelectric 
plants, rapid and dependable communication between 
the division load supervisor’s office in Buffalo and the 
various generating and switching points, hs well as be¬ 
tween those points, is vital. Recognizing this fact, 
the system now in use was devised and is believed to 
‘fulfill all requirements. 

Prior to the organization into one system of the va¬ 
rious companies comprising the western division, each 
company arranged for its own communication facili- 
'ties. In some cases this involved the building of tele- 

1. Elec. Engr., Buffalo, Niagara & Eastern Power Corp., 
Buffalo, N. Y. 

Presented at the Summer Convention of the A. I. E. E., AsheviUe, 
N. C., June SS-S8,19S1. 


phone circuits by the power company, in some cases 
the leasing of circuits from the telephone company 
and in some cases merely the use of telephone toll 
service. It was only natural that different companies 
should have different ideas on the subject. 

Following the grouping of the companies into the 
Niagara Hudson System, it immediately became ap¬ 
parent that communication facilities should be rear¬ 
ranged and revised to meet the needs of the coordinated 
system. Greater flexibility was needed. Engineers 
of the telephone company were called in to make 
a survey and a report. Upon the completion of 
this survey, they submitted a report covering the 
complete commtinication needs of the western division. 
This report is divided into three sections: inter-office 
communication in the Electric Building at Buffalo, 



communication between substations, extensions in the 
Service Building and lines to Huntley Station. These 
are all extensions from the private branch exchange and 
comprise more than 700 miles of extensions; inter¬ 
department communication at Huntley Station, lines 
connecting Terminal Houses A, B, C and D in Buffalo, 
and lines to Niagara Falls and the Tonawandas; 
communication chaimels to main switching and gen¬ 
erating stations and other strategic points of the system 
throughout western New York State. 

Part I will be discussed later in this paper, as it is 
concerned mostly with inter-office and Buffalo dty 
communication. 

Parts II and III were considered and fully discussed 
by the various operating men concerned. Following 
this discussion and the adoption of various modifications 
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proposed by the operating staff, the telephone com¬ 
pany was authorized to provide the facilities outlined 
in the plans. 

Remote Metering 

The load supervisor’s office had been moved to the 
Electric Building in Buffalo. This made it necessary 
to centralize operating telephone lines at that point 
and provide remote metering installations from the 
generating plants at Niagara Falls and Buffalo. Lines 



Fig. 2—Remote Metering Installation in Load Super¬ 
visor’s Office and Two 20-Linb, Single-Sided Special 
Dispatcher’s Turrets in Office of System Operator 

were leased from the telephone company for this 
purpose, and by means of the meters the load super¬ 
visor gets an accurate picture of the load on either 
station at any time of day. 

^ Three recording and three graphic meters are pro¬ 
vided. One of these shows the total load in kilowatts 
on Huntley Station number one, which is a 25-eycle 
steam-elefetric station, and the second shows the total 
load on Huntley Station number two, which is the 
60-cycle steam station. The third is connected to 
Harper Station, the switching rmit at Niagara Falls, 
and shows the load on units 19 and 20 in Schoellkopf 
hydroelectric station. These are the regulating gen- 
OTators at the station, and the met^ reading, in con¬ 
nection with data supplied to the supervisor, malrpf! 
the total load on the station available at a glance. 

Huntley Station is about five miles from the super¬ 
visor’s office and Schoellkopf Station is about 20 miles 
away. The meters axe operated by three separate 
circuits leased from the telephone company. These 
are shown in Fig. 2. 

Full Talk Circuits 

Three vital points of the system are tied together 
from a communication standpoint by linfis l ea s ed from 
the telephone company on a 24-hour a day basis. 
While these lines are built and maintained by the 
telephone company as part of its regular toll facilities, 
the power company has as full use of them as it would 


have of privately owned lines.... and without the re^ 
sponability of maintenance. In the event of trouble 
on these lines, the telephone company is usually in a 
position to make available other lines for reaching the 
same points. 

The points thus tied to the division load supervisor’s 
office are the Buffalo steam plant, the system operator’s 
office at the Niagara Falls hydro plant and the Lockport 
switching station. Through Lockport, the load super¬ 
visor can also talk to Mortimer, Lyons, Solvay, and 
Ssrracuse. Using the automatic equipment in the 
Buffalo office, he can also reach Gardenville (just out¬ 
side the city), Jamestown, and Glean. 

Lines were also leased from the telephone company 
to connect the four main switching points of the western 
division directly with each other. Niagara Falls, 
Lockport, Gardenville, and the Buffalo steam station 
are so tied in that any one can call directly and talk 
to the other three. 

These four points have district load supervisors, and 
by means of the leased circuit a two to four party con¬ 
versation may be held directly by the men. The load 



Pig. 3a—Communication Facilities, Buffalo, Tonawanda, 
AND Niagara Padlb 


Buffalo, Niagara and Eastern Power Company 

supervisor for the western division gives his orders 
to the district supavisors over circuits reserved for 
that puipose entirely, and the line connecting the four, 
points directly is reserved for the use of the four district 
supervisors in direct intercommunication. 

The arrangement of communication circuits at 
Buffalo is shown in Fig. 3a. 

lines entering the division load supervisor’s office 
in Buffalo, as well as those entering each switching 
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station are brought to a special dispatchers’ turret. 
One telephone instrument connects the operators to 
the entire communication network, the turret being so 
simplified that the operator needs only to throw a key 
to call the station he wants. 

Turrets are of three capacities, 10 line, 20 line, and 
40 lines, and are provided in both single and double 
face to meet various requirements. The turret in the 
division supervisor’s odice at Buffalo is a 20-line single¬ 
face installation. 

Through these turrets, communication lines of vari¬ 
ous types can be tied together. Dial central office lines, 
dial extension lines, common battery extension lines, 
magneto-battery central office lines, magneto-battery 
leased lines and magneto-battery privately owned lines 
can be int,erconnectod in the turrets. For example, 
the load supervisor in Buffalo may call Syracuse on a 
leased line, be switched through the turret and talk to 
Lighthouse Hill using the privately owned line from 
Syracuse to that point. This eliminates the delay and 
error danger involved in relaying the message. The 
turrets provide that only one call like this may be 
switched through at a time, however. This limitation 
was purposely provided in order to avoid making the 
load supervisor a telephone operator. 

Another advantage of the turret is its speed. All 
lines end in keys rather than plugs, and it is faster and 
easier to switch the key than to pick up a plug and make 
the connection. 

While the communication system was being planned, 
several instances were discovered where operating needs 
could not justify the leasing of lines on a 24-hour a day 
basis. Such lines were desirable from an operating 
standpoint, but the operating department alone did not 
feel justified in incurring the necessary expense. 

It was found, however, that if these circuits could be 
reserved for the operating department at certain hours 
and open to other departments the rest of the time, 
the expenditure was well worth while. These circuits 
were accordingly leased, with a resulting saving in long 
distance toll calls and closer contact between district 
offices and the main office. 

Interconnection of Private Lines 

By what has gone before, it might be assumed that 
private lines owned by the various companies before 
the consolidation, were entirely discarded, but this was 
not the case. Where private lines were available and 
in good condition, protective equipment was leased 
from the telephone company, in accordance with the 
power company's agreement, in order that private lines 
might be connected to leased lines to provide inter¬ 
communication when desirable. 

Power company privately owned lines usually follow 
the transmission line right-of-way, and where th^ 
lines interconnect with telephone company circmts 
there is danger of damage to equipment and possible 
personal injuries due to the building up of voltage on 


telephone lines through induction or direct contact 
between communication and power transmission wires. 
This hazard has been eliminated through the installation 
of protective equipment leased from the telephone 
company. 

Where the interconnection of communication lines 
is in a station building, horn gap arresters located in a 
sheltered spot on the outside of the building are in¬ 
stalled on the lines. These are set at 0.05 inches, to 
operate at about 5,000 volts. The lines then pass 
through disconnecting switches, at which point fuses 
are provided and thence to a second arrester. This 
second arrester is set for as low a voltage as is con¬ 
sistent with that normally induced on the private line. 
The groimd of the arresters is connected to the station 
ground bus. The lines then pass through a tran^ormer 
for further protection, since it acts as an insulating 
barrier. From the secondary side of this transformer 
the lines pass through a standard telephone protector 
to the point of connection with the telephone company s 
conductors. 

Where privately owned lines connect with telephone 
circuits at points distant from buildings, a similar 
installation is made on poles. One pole is set between 
the last high-tension line pole and the first telephone 
company pole for the installation of protective equip¬ 
ment. 

In order to take care of excessive ground potentials 
where telephone equipment is installed in power and 
larger switching stations, two methods are used; in¬ 
sulating transformer, and distant ground. 

The distant ground method is suitable in the ease of 
smaller stations and where the telephone instruments can 
be placed so that persons using them are insulated from 
the ground potential of the station. Telephone equip¬ 
ment and wiring are adequately insulated from all 
grounds and grounded structures that are subject to 
excessive potential variations, and the equipment is 
connected to a ground a sufficient distance away to be 
free from the influence of power station ground potential 
variations. 

With the ifisulating transformer method it is not 
necessary that the telephone instruments be placed in 
insulated locations in the power station. Where 
grounding is required, the telephone equipment is 
grounded to the power station ground, and the out¬ 
going lines pass through an insulating transfonner 
before they connect with telephone company circuits. 

All equipment on the power station side of the 
transformer is groxmded to the station ground; all 
equipment on the telephone company side of the 
transformer, within range of the influence of power 
station ground potential variations, is carefully in¬ 
sulated from that influence. The insulatmg trans¬ 
former is the barrier between the power station ground 
potential variations and the telephone companys 
system. 
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Cabeibr Current 

Gamer crirrent is tised in addition to the leased lines 
and privately owned lines. Briefly, in the event that 
not everyone is familiar with this means of communica¬ 
tion, it is a system which puts carrier current for voice 
transmission at very high frequency on the power lines, 
the frequency of this carrier current being in the radio 
frequency range. 

^ Sets are installed at Niagara Palls, Buffalo, Garden- 
ville, Olean, Jamestown, Mortimer, Solvay, and light¬ 
house Hill. These sets are single frequency duplex, 
providing two-way communication between stations 
and in general are rated at 60 watts. 

Each telephone instrument on this system is pro¬ 
vided with a dial for selective ringing. Various stations 
are assigned dial numbers, as on the conventional dial 
telephone system, and any one station may call any 


Practically all the lines leased from the telephone 
company are in cables, reducing to a minimum the 
probability of failure during storms. In addition, 
where two circuits are leased between the same points, 
the circuits follow entirely different routes. This also 
helps to minimize the possibility of storm damage. 

In this connection there is an important considera¬ 
tion in regard to power company private lines. Usually 
these lines are on transmission line rights-of-way in 
order to avoid the expense of securing separate rights- 
of-way. Communication is most needed during periods 
of destructive storm, and private communication lines 
often go out when transmission lines fail. The leased 
circuits usually follow different routes from the trans¬ 
mission lines, providing an additional factor of safety. 

Prior to the establishment of the present communica¬ 
tion network, a particularly disastrous sleet storm. 





Pia. 3b—System Communication Plan 
B ufiralo. Niagara and Sastern Power Oompany 



other by dialing it directly. Where leased lines are 
available, the carrier-current system is not used to any 
great extent imder normal conditions because of the 
better quality of voice transmission on the leased lines. 
However, each set is tested thoroughly every day to 
make sure that it is in operating condition in the event 
of an emergency. 

In situations where leased lines are not available, 
such as between Solvay and lighthouse Hill, the 
carrier-current equipment is much more valuable. 
There is also an arrangement whereby the carrier- 
current equipment at Lighthouse Hill, which is on the 
edge of the Adiroindacks, can be used for coinmunicating 
with the generating stations in the St. Lawrence dis¬ 
trict. Its operation under these conditions is entirely 
satisfactory. Pig. 3 b shows the power system communi¬ 
cation plan. 


swept across practically the entire territory. Many 
of the stations were cut off at the begiiming of 
the storm and the private lines were severely 
crippled. Of course the first job was to restore the 
power lines. 

Two interesting occurrences during this period are 
worthy of mention. Extensive use was made of tele¬ 
phone company toll circuits and one call from Albany 
to Buffalo was routed entirely around the storm area 
via Montreal and Chicago. Short-wave radio was also 
used. Amateur stations in Buffalo and Syracuse, as 
well as at a number of intermediate points, broadcast 
messages which were relayed by local telephone to 
our^ switching stations. At times during the storm 
period the carrier-current system was the only mpan fi 
of communication between load centers. 

Communicaton for the operating department was 
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carefully planned following an exhaiistive study of the 
needs and daily traffic. As it is now laid out, the load 
supervisor has at least two different channels of com¬ 
munication with every major switching and generating 
station on the ss^tem, as shown by the Buffalo district 
diagram in Pig. 4. The communication system now 
installed has met every practical test so far 
satisfactorily. 

Intbbdbpaetment Communication 
With the establishment of western division head¬ 
quarters in the Electric Building, population of the 
building doubled in less than a year. Prior to 1930, 
three separate switchboards were maintained for the 
three separate companies, with resulting confusion. • 
Employees of one company calling the employees of 
another first signaled their own operator and asked for 



branch exchange leased from the telephone company, 
for interdepartment communication. Calls between 
departments are now dialed directly and are not handled 
by operators. Calls to the telephone company’s central 
office are also dialed through directly and do not pass 
through the manual switchboard. Operators are now 
concerned only with incoming calls to the general offic^; 
customer and all service calls being handled by a special 
method which is explained later. 

The company's general switchboard, following the 
adoption of the dial sj^tem, was cut from five positions 
to three positions, only two of which are used in normal 
operation. The staff of operators was reduced from nine 
to five, despite the fact that the number of telephones 
served by the private branch exchange has increased 
from 189 to 326, with a corresponding increase in tele¬ 
phone traffic. 

The extra position on the manual switchboard is not 
needed in normal operation. But in peak traffic, such 
as that occasioned by service interruptions, it is posable 
to put an extra operator at this position to help in han¬ 
dling customer calls. While trouble calls usually go to 
an entirely separate order table receiving apparatus, as 
described later, customers have a habit of calling the 
general office when the customers’ service department is 
busy. This occasionally occurs during an vmusual 
service interruption. This extra position helps to 
relieve the peak caused when customers in trouble call 
the general offices instead of the customers’ service 
telephone department. 

In some of the smaller offices of the western division, 
dial equipment has been installed to give better service 
to customers. In time of trouble, single position boards 
in these offices have been swamped by customers calling 
in, and the operating staff, trying to call out in order to 
clear the trouble, has been handicapped. 

With dial equipment, the operating men can dial out 
on a separate group of outgoing trunks and the operator 
can devote her entire time to answering incomingtrouble 
calls until the trouble has been cleared. The results 
have been quicker restoration of service and better treat- 


Pia. 4 —Buffalo Load DisPATCHna’s Cibcuit Diaqkam 

the other company. When the second operator 
answered, they asked for their party. With the re¬ 
arrangement of departments by floors, irrespective of 
companies, employees working side by side were often 
on two different switchboards. There was also a great 
deal of congestion on the tie lines between company 
switchboards, and a large staff of operators was required 
to handle the traffic. Customers were also confused and 
there was a considerable number of calls intended for 
one company received on the switchboard of one of the 
others. 

This situation was somewhat relieved by bringing all 
the boards together, but the traffic problem, particu¬ 
larly on interdepartment calls, was still present. 

The problem was solved by establishing a dial private 


ment of customers. 

Where the dial system is in use, one telephone instru¬ 
ment is provided for both inside and outside calls. Or 
an inside call the number of the extension desired h 
dialed directly. On an outside call, 7 is dialed and when 
the second dial tone is heard, indicating that the instru¬ 
ment is connected with the telephone company’s 
exchange, the number wanted is dialed. 

Since the installation of the dial system, time con¬ 
sumed in completing both inside and outside calls has 
been cut in half. Employees have become thoroughly 
familiar with the dial telephone and find it faster, more 
accurate, and generally more satisfactory. The new 
system has also ended the irritating habit of having a 
telephone operator put in a call and keep the person 
called waiting on the line until the caller is ready to talk. 
It has been found that people have acquired the more 
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courteous habit of being ready to talk when the person 
they call answers. 

Incoming Calls from Customees 

Public relations dynamite lurks in every telephone 
call. Executives who ponder upon the public rda- 
tions problem would do well to listen in on some of the 
incoming calls from customers and learn at first hand 
how employees deal with customers over the telephone. 

Under the method previously used by the company, 
customer calls came to the general switchboard. The 
customer made his request to the telephone operator 
who knew by experience what department was wanted. 
Usually the operators were all busy with other calls, 
and this delayed answering incoming calls. Customers 
were not always sure what department they wanted. 
It was a common occurrence for a customer to ask for 
the purchasing department, and upon being connected, 
say that he wanted to purchase an appliance. 

Calls to have service cut in or cut out and similar 
requests were routed to a commercial table. Here, 
after the customer had repeated his request, the mes¬ 
sage was taken and relayed to the department handling 
the work. 

Customers who reported trouble were connected with 
an order table in the distribution department, operated 
by men, and while they handled their work well, the 
telephone contact with customers was not always as 
pleasing as it might have been. 

Entirely aside from the cumbersomeness of this 
arrangement, there were several undearable features 
from the standpoint of public relations: 

1. The customer was forced to make his request two 
or three times to different people, explaining his trouble 
to each one. 

2. The company caused the customer loss of time 
and patience. 

3. Often customers hung up before the proper de¬ 
partment was located, with a resulting loss of both good 
will and business to the company. 

4. No record was made of how any given case was 
handled and whetho- or not the customer was satisfied; 
no one, with the possible exception of one department 
head (whose department had happened to handle the 
particxilar ease) knew what service had been given. 

5. There was no follow up to make sure that the 
customer was satisfied. 

Following the survey and report by the telephone 
company, a department was established known as the 
customers’ service telephone department. This is a 
centralized point where all customer telephone calls 
regarding connections and disconnections of electric 
service, interrupted service, bill complaints, and 
requests for information are received. 

Calls are received over a special group of 18 central 
office trunk lines which terminate in what is known as 
an ordffl* receiving table. This is a telephone switch¬ 
board in the form of a long table, with places for seven 


persons on each side facing each other. Green lights in 
the center of the table indicate a call instead of the 
ordinary telephone bell. The board is so multipled that 
the same call may be taken at any one of three positions, 
and a white light flashes when the call is answered. 

Each service representative is equipped with head¬ 
set receivers and a chest transmitter, leaving both hands 
free. From all positions at the order table, direct lines 
run to the meter and trouble departments and the order 
table files, making it possible to get information quickly 
from these departments while holding the customer on 
the line. In addition, 10 tie lines connect the order 
table with the dial switching equipment of the private 
branch exchange, making it possible for the service 
representatives to pass the call along to any of the 325 
extensions from the company's regular switchboard in 
the event that the customer wants to talk further to 
some particular person. In this event, the service 
representative gets the company employee while holding 
the customer call, explains what is wanted and thus 
obviates the necessity of the customer’s repeating his 
request. Through these tie lines, service representatives 
may also get information from any one of the 325 exten¬ 
sions on the company’s regular exchange. 

Incoming trunks to the order table pass through the 
regular exchange, but give no signal to the operators 
thwe. However, if the call has been made in error and 
the customer really wants the regular general office 
switchboard, the service representative gets the switch¬ 
board operator over one of the tie lines and asks her 
to connect the person on the trunk number to Mr. 
Blank. Although the customer has made a mistake, 
he is transferred without a word to the right extension. 
I^en customers call the general office switchboard in 
error, they may also be transferred without trouble to 
the customers’ sawice telephone department. 

The customers’ service telephone department answers 
all customer calls to Cleveland 5260 directly. This 
number is so listed in the telephone directory that cus¬ 
tomers should not get the wrong number, but if they do 
their call is passed along to the right switchboard with¬ 
out any inconvenience to the calling party. The young 
ladies who comprise this department were carefully 
selected and put through a course of training extending 
ovK* a six weeks period before the department was put 
into operation. During this time, they were in all the 
various service departments, getting a background 
regarding the work done so that they might handle 
customers’ requests intelligently. 

The staff of the department includes fourteen atten¬ 
dants and a supervisor. The department is in operation 
24 hours a day, every day in the year. The usual load 
on the department is about 1,200 calls a day, but during 
times of general trouble over a section of this city, calls 
rise to a peak of 3,000 or more. When the lines are 
normal, attendants who are not needed “double” as 
typists and filing clerks, but are ready to take up their 
duties as attendants the moment a peak impends. 
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When desired information can be obtained in a few 
moments, the attendant “holds" the customer on the 
line and provides it; when considerable time is needed, 
the customer’s number is taken and the information is 
telephoned back when it is secured. 

By having the customer calls come into this central¬ 
ized point instead of directly to thfe private branch 
exchange switchboard, the necessity of the customer 
being cross-examined by the private branch exchange 
operator to find out what the customer’s desire might 



Pig. 6—Orpbr Table—^Buffalo 


be is obviated. After this, the call was referred to the 
department that might be involved, where again the 
customer was requestioned and if he had not been 
connected to the right department, transferred to 
another telephone and again questioned, much to the 
irritation of the customer. The customer’s telephone 
service bureau not only receives the call, but completes 
the entire customer contact without transferring the 
call to another person or to another department. 
This arrangement not only provides for speedier hand¬ 
ling of customer calls, which is essential to giving real 
customer service, but allows all calls of this nature to 
be handled by a group of people who can specialiM in 
this type of work. The equipment is shown in Fig. 5. 

Teletype Machines 

Calls to have service cut in or out, bill or service 
complaints, and trouble calls are handled by the de¬ 
partment directly. The customer provides the informa¬ 
tion and the operator follows it through to completion. 
For this purpose, five teletype machines are provided, 
affording direct conununication with the meter and dis¬ 
tribution departments in the Service Builchng, two miles 
away. The teletype installation is shown in Fig. 6. 

A telephone typewriter instrument is an electrically 
operated machine which has a keyboard and othw me¬ 
chanical parts similar toaregulartypewritermachinebut 
with this difference; that the sending machine can be at 


one location and a similar receiving machine can be at a 
distant location either in the same building, the same 
city or two widely separated cities. The machines are 
so arranged that whatever is ts^ed on the sending 
machine, such as an order, a letter or other information, 
is instantaneously transmitted by electrical impulses 
over wires to the receiving machine. These impulses 
operate the keyboard of the receiving machine in such 
a manner that it types the message at the receiving 
point exactly as it was typed at the sending point. 
Through the medium of five of these machines in the 
customers’ telephone service department, all orders 
and reports of trouble are immediately sent to the 
Service Building for prompt attention. 

All service requests are kept in duplicate in a pending 
file. This file is inspected every morning to make sure 
that all promises of the day before have been kept. 
In this way, the customers’ service telephone depart¬ 
ment provides a constant check on the service rendered 
by other departments. 

There has also been installed a monitor observing set 
which taps every company telephone line. By means of 
this, samples are taken of telephone conversations car¬ 
ried on by employees and these are used as a basis for 
training employees in the correct use of the telephone. 



Pig. 6— Five No. 15 Sending and Receiving Telephone- 
Typewriter Instruments 

Three eqviipped with special platens for positive drive and remote control, 
two equipped with standard platens—one with remote control 

This work has been so arranged that there has been no 
charge of “spying.” Each department knows in 
advance when it is to be observed over the monitor. 
Samples are taken verbatim by a stenographer at 
various periods of the day for several days. These are 
discussed later at a meeting of employees of the de¬ 
partment observed and means of improving the differ¬ 
ent conversations are pointed out. 

The vital importance of telephone contacts with 
customers has been realized and for that reason steps 
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have been taken to see that their impressions of the able, and up-to-date. The telephone company deserves 
company gained over the telephone, are favorable. a great deal of credit for the way in which it handled the 
It is believed that the system of communication complete survey of our system and for the cooperation 
which has been set up in the western division of the it has given us in working out our commimication 
Nia^a Hudson system is practical, efficient, depend- problem. 


Communication on the Arkansas-Louisiana- 

Mississippi Interconnected System 

BY E. C. STEWART* 

Non-member 

Synopsis.—This paper describes the communication facilities relatively long distance communication, the longest distance c' g 
in use on the Arkansas, Louisiana and Mississippi Power & Light 4^9 miles. The reliability of this means ^ comrnuntca ion u 
Companies’ interconnected system, and describes the operating unusual storm conditions is discussed. The experience rc. 
performance of the communication equipment. from over six years use of earner-current te ep lony 07 oat 

Carrier-current telephone equipment is used to a large extent for patching purposes is described. 


Introduction 


T he Arkansas, Louisiana and Mississippi Power and 
light Companies are operating in these three 
states an interconnected transmission system 
comprised of a total of approximately 1,800 miles of 
110-kv. lines. Supervision of the operation of this 
system is centered in the dispatcher’s office at Wood¬ 
ward Switching Station near Pine Bluff, Arkansas. 
Operation on the southern part of the system is handled 
from the dispatcher’s office located at Jackson, Missis¬ 
sippi. Other systems which opiate in parallel with 
this are the New Orleans Public Service, Memphis 
Power and light. Southwestern Gas and Electric, and 
the Arkansas-Missouri Power Companies. Each of 
these has its own dispatching force which handles 
inter-company operating matters with the Pine Bluff 
dispatcher. 

It is the purpose of this paper to describe the method 
of communication used in the operation of this system, 
which is largely by means of carrier-current telephony. 


History 

Prior to 1925, while this system was yet small, all 
communication was carried on by means of the toll 
service of the telephone company and eonsido'able use 
is still made of this service, some for dispatching, but 
the larger part for business matters. 

Upon the completion of Remmel Dam near Malvern, 
Arkansas in the latter part of 1924 and coimection of 
this into the system over a 66-kv. line to Pine Bluff and 
a 33-kv. line to Little Rock, need of fast and reliable 
communication was anticipated. In considering means 
of obtaining such service, it was natural to favor the 
shortest route possible. Such a route was covered, 
except for a matter of about dght miles, by a privately 
owned and operated telephone system. This, however, 
was only a single-circuit line and in rather a poor state 
of repair. It would thus have been necessary for the 
power company to string a circuit of its own after 
satisfactory arrangements had been made, and to 
replace a large number of poles in order to obtain a 
strong and reliable line. 'The cost of this was such 

1. Arkansas Power & light Co., Pine Bluff, Ark. 

Presented at the Summer Convention of the A. I. E. E., Asheville, 
N. C., June 92-S6, 19S1. 


that it was felt to be too high when the reliability of 
such a line was compared to the heavier construction 
employed on the power line. 

It was thus that carrier current came up for consider¬ 
ation, and the result was the purchase of two Westing- 
house carrier-current sets. Operation of this equipment 
was begun the first of 1925, and the original set is still 
in operation at Remmel Dam, although the set at Pine 
Bluff was replaced by another early in 1926, because 



Pig. 1—^Location of CAnniBn-CimRFiNT Sistb 


of the creation of the Woodward Switching Station 
about two miles west of the original location of the 
Pine Bluff carrier-current equipment. 

Results of this first installation were so satisfactory 
that the use of carrier current was decided upon for 
the Sterlington Station and coimecting lines when 
completed early in 1926, and accordingly five more 
carrier-current sets were purchased. This gave carrier- 
current connection from Pine Bluff to Remmel Dam. 
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El Dorado and Crossett in Arkansas; Sterlington in 
Louisiana, and Vicksburg and Jackson in Mississippi. 
It is not deemed necessaiy here to go into the details 
of how some of these sets have been moved from place 
to place as system changes caused certain substations 
to lose importance, which made it more desirable to 
have the carrier-current facilities at other points. 



Pig. 2—Location op By-Pass Equipment and Traps to 

Confine Carrier Frequencies to Definite Channels 

Early in 1930, operation was begun on the carrier- 
current channel between the Pine Bluff dispatcher and 
the Southwestern Gas and Electric Company dis¬ 
patcher at Shreveport, Louisiana. 

Later in 1980 the extension of the system to New 
Orleans was made and it was necessary to provide some 
form of communication in that direction. Communica¬ 
tion was desired from both the Pine Bluff and Jackson 
dispatchers to New Orleans and the Amite, Louisiana 
substation, a main switching point about half way 
between Jackson and New Orleans. It will be noted 
from Fig. 1 (which shows only the portion of the system 
covered by carrier-current channels) that considerable 
distances are involved in such a connection, the shortest 
route over the transmission lines from Pine Bluff to 
Jackson being 237 miles and from Jackson to Gretna 
substation (which is just across the river from New 
Orleans) 222 miles, or a total distance from Pine Bluff 
to New Orleans of 469 miles. Such distances are most 
economically covered according to our experience by 
carrier-current equipment, supplemented in the few 
cases necessary by the use of the toll sarice of the 
telephone company. Without going • into detail, the 
purchase of new equipment was decided upon, and a 
total of five type KCA-1 sets and one type KCA-100 
Mt was made. The KCA-1 equipments were installed 
as follows: one at Pine Bluff, Arkansas, one at Indi- 
anola, Mississippi, two at Jackson, Mississippi (ar¬ 


ranged as an automatic repeater) and one at Gretna, 
(New Orleans) Louisiana. The KCA-100 equipment 
was installed at Amite, Louisiana. 

The installation of all of the above sets created a new 
chaimel and permitted the move of the Westinghouse 
equipments from Indianola and Jackson to other points 
on the system. One is to be installed at Carpenter 
Dam, now nearing completion, which is located at the 
headwaters of the lake created by Remmel Dam, and 
the othCT will be installed at some other point, the pro¬ 
posed location at present not being fixed. 

Peepakation op Channels 

Fig. 2 indicates what has been done in the prepara¬ 
tion of the carrier channels over this system, by means 
of by-passing equipment and frequency, blocking on 
unused portions of the system where necessary. It 
will be noted that dependence is placed between Pine 
Bluff and Sterlington, and from Sterlington to Indianola 
or Jackson upon at least one side of the transmission 
line loops being intact, and it has been our experience 
that it is in extremely rare cases that the communica¬ 
tion channel is broken between Pine Bluff and the afore¬ 
mentioned points. 

The location of carrier-current equipment on the 
lines of the Southwestern Gas and Electric Company, 


TO CAMDEN 



Pig. 3—Schematic Diagram of Method of Coupling, 
Tuning and Frequency Blocking in Use at Central Dis¬ 
patching Point at Woodward Switching Station op the 
Arkansas Power & Light Company Near Pine Bluff, 
Arkansas 

Legend: 1. General Electric carrier set. 

2. Westinghouse carrier set, operating on two channels. 

3. Resonant chokes for termination of Remmel channel. 

4 Resonant chokes to prevent loss of energy from General Elec¬ 
tric set. 

5. Resonant chokes for termination of Oamden circuit at fre¬ 

quencies used In communication with Shreveport. 

6. Trap circuit to exclude Westinghouse carrier from General 

Electric set. 

7. Trap circuit to exclude General Electric carrier from Westing¬ 

house set. 


namely, at Okay, Texarkana, Shreveport, Marshall 
and Mineola have been indicated because of the relation 
they bear to the operation of the carrier equipment on 
the Arkansas-Louisiana-Mississippi systen. These sets 
operate on a separate frequency channel and it has not 
been found necessary to date for either party to itesort 
to frequency blocking between the two systems. No 
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attempt will be made here to describe this company's 
installation other than the portion involved in com¬ 
munication between the Pine Bluff and’Shreveport 
dispatchers. This is accomplished on a separate fre¬ 
quency channel by the use of a second receiver at 



Pio. 4—WOODWABO llO-Kv. Bus Coupling 


Shreveport and at Pine Bluff, both transmitters being 
arranged to deliver the proper frequency when calls 
are made between these points. The frequencies in 
use are 65 and 84 kilocycles. The by-passing circuits 
shown in Fig. 2 at Camden, McKnight, Okay, and 



Pig. 5—Wbstinghouse CARBiEB-CxraRBNT Equipment at 
Woodward 

Texarkana are for preserving this communication 
channel. 

COUPUNG 

With the exception of the Remmel Dam set, which 
uses antennas, all coupling is by means of capacitors. 
There are only two kinds in use on the interconnected 
system: the Westinghouse suspension units and the 


General Electric cable type. No failures have oc¬ 
curred on either of these during the past two years, 
which covers the period of our experience with capac¬ 
itors. 

Fig. 3 shows a somewhat unusual application adopted 



Pig. 6—General Electric Cahbibr-Curbbnt Equipment at 
Woodward 

at Woodward Switching Station. Here, we have 
coupled to the llO-kv. bus over one set of capacitors 
both the Westinghouse and General Electric carrier- 
current equipments for the channels used in communi¬ 
cation on the interconnected system. The General 



Pig. 7—Cablb-Ttpb Coupling Capacitors and Carrier- 
Current Traps at Jackson 

Electric equipment is operated at 70 kilocycles and 
the Westinghouse at 40 and 55 kilocycles. Operation 
of this arrangement has proven satisfactory. 

PEOTBCnON 

There have been two occasions at Remmel Dam, 
when the 66-kv. wires came in contact with the antenna 
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wires, for observing how well the protective system 
functioned. Neither case resulted in damage to any¬ 
thing except the protective equipment itself. On one 
of these occasions the Remmel operator was talking on 
the carrier current at the time of the trouble and 
experienced no physical inconvenience whatsoever. 

Operation 

The carrier-current installation on the interconnected 
system, supplemented by the use of toll service and 
one or two leased or specially arranged circuits, is 
primarily for use by the dispatcher, but considerable 
business traffic is handled by the dispatching force 
outside of any rush period by means of messages, which 
are relayed by the dispatcher to a station operator, and 
thence to the party addressed. 

A check of the number of times the Westinghouse 
transmitter has been on at Pine Bluff for the past year 
shows that the total of placed and received calls 
averages over 3,400 per month. A similar check on the 
General Electric set at Pine Bluff over the last five 
months shows that it has averaged close to 1,400 
operations per month. A record was kept over three 
months of the total time of use and indicates that one 
and one-quarter minutes per conversation is repre¬ 
sentative of the average communication. 

In the operation of the carrier-current equipment on 
the interconnected system, communication between 
outlying stations has not been allowed since it has been 
of little advantage in the system operation for any of 
these outlsring stations to communicate with any other 
point than the Pine Bluff dispatcher. Pine Bluff has 
therefore been made a “central” and is called by the 
mere taking down of the telephone. It is necessary 
though, for Pine Bluff to dial the various stations to 


call them, but to save time and provide a rapid check 
on the selective ringing system, the successful call of a 
station is evidenced by the automatic starting up of the 
distant transmitter which has been called. 

To date, carrier current has not been provided along 
the lines for the use of patrol or maintenance men. 
Reports of routine patrolling are not turned in by 
telephone unless some condition found warrants im¬ 
mediate attention, in which case the nearest available 
form of communication is used. Emergency patrolling 
to locate line breaks has been made during the last 
three or four years by means of aeroplane, weather 
permitting. Report of observations is made in a good 
many cases by messages dropped in pasteboard con¬ 
tainers to some substation operator who relays the 
information to the dispatcher. Exact structure num¬ 
bers are given, to fix the location, through the use of 
line maps specially prepared for this purpose and dis¬ 
tinguishing markers on top of key structures, which are 
readily visible from the plane. 

Reliability 

There is a number of instances on record which 
convince us that carrier current affords very reliable 
co mmuni cation. A few cases are mentioned briefly 
below. 

In April 1927, during flood, carrier current was the 
sole means of communication at Remmel Dam for. a 
couple of days. 

The latter part of April and the first part of May 
1927, during the great flood, carrier current was the 
only form of communication for several days to the 
Sterlington Station. 

Several times, during storms, when other means of 
communication were not available uninterrupted service 
was maintained over the carrier current. 



Communication Facilities of a Metropolitan 

Power System 

BY P. B. JUHNKE' 

Member, A, I. E!. S. 


Synopsis.—A description of the communication needs of a power company serving a large metropolitan area, including 
detailed information with respect to load dispatching problems and use of remote metering facilities as an effective aid in conducting 


load dispatching operations. 


E lectric light and power, in all its metropolitan 
perfection, is not entirely independent of several 
other agencies of public service. Not the least 
of these is communication, which makes the light and 
power system the living organism which it really is. 

Because the electric power system is everywhere, so 
far flung in supply centers and activities of various 
kinds, it depends more upon communication in the dis¬ 
charge of its obligations than most other forms of 
business. For this reason an examination of the 
communication facilities of the Commonwealth Edison 
Company is of interest. 

Pig. 1 shows a map of Chicago, with all fixed plant 
locations of the Commonwealth Edison Company. 
This fixed plant includes not only generating stations 
and substations, but also service buildings and yards, 
garages, etc. These many locations are served by 
about 19 telephone switchboards, with a total of about 
2,600 telephone stations. The main board with seven 
sub-boards in the Edison Building is indicated by the 
double star. The sub-boards outside of the Edison 
Building are indicated by a sin^e star. 

Load Dispatching 

Of special interest is the employment of communica¬ 
tion in the technical direction and superviaon over the 
operation of the system. The technical group espe¬ 
cially entrusted with thisfunctionis the load dispatcher’s 
office, located in the main office building at 72 West 
Adams Street, and in direct private wire communication 
with all generating and distribution stations and most 
substations. 

The load dispatcher’s office, shown in Pig. 2, is 
composed of three sections, two dealing with the routine 
of load dispatching and one with the performance of 
the system. They are designated as: 

1. Load dispatcher, section No. 1 

2. Load dispatcher, section No. 2 

3. Load control section 

The first two are charged with the responsibilities 
which have always characterized this work. Responsi¬ 
bility for supply of power to all principal distribution 

1. Chief Load Dispatcher, Commonwealth Edison Co., 
Chicago, Ill. 

Presented at the Summer Convention of the A. I. E. E., Asheville, 
N. C., June SS-Se, 1931. 


centers, direction of switching in connection with work 
to be done, responsibility for safe working conditions 
on service elements removed for work, responsibility 
for correct procedure for putting into or removing from 
service any system elements. Each one of these two 
sections has directing charge over approximately three 
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generating stations and a total of approximately 176 
substations and transformer vaffits. It has direct 
communication with all generating stations and most 
substations. With important load centers it has a 
number of direct telephone wires from its own tele¬ 
phone switchboard. 

The load control section is of relatively recent 
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origin, and is charged with sui)ervision over the supply 
of power from the different generating centers selected 
to contribute to same. It further has supervision over 
the connecting tie line elements between the stations, 
mo^ly of 66,000- and 132,000-volt order. This super¬ 
vision not only embraces the generating stations and 
interconnections within the city limits, but also the 
interconnections with and the supply from the generat¬ 
ing stations located outside of the city and having 
responsibility of contributing to the Commonwealth 



scene, provided for that station, usually the more 
efficient one, to carry all the load possible, predicated' 
upon its capacity, the outgoing lines and the size of its 
interconnecting ties. This method was intelligent, but 
sometimes made the required performance of the older 
station rather difficult. When a third station of still 
peater efficiency appeared, the situation became more 
involved and compelled the load dispatcher to pay more 
attention to the instantaneous total load and to appor¬ 
tion it between the three as the economies of the situa¬ 
tion dictated. This was done from hour to hour and 
worked well, but was very laborious because it required 
almost continuous readings to distribute the load 
properly. 

Prom this developed the load totalizer, which col¬ 
lected the loads of individual stations in the load dis¬ 
patcher’s office. In the collection of these data, 
telephone lines were employed for transmission of the 
power reading. This was a considerable step forward, 
but still required continuous direction on the part of 
the load dispatcher, based on the totalization. It was 
followed by another development, known as the load 
totalizing scheme with reverse indication. In this 
scheme the totalization effected in the load dispatcher’s 
office is sent back to each of the principal generating 


Pig. 2—Load Dispatchbb’s Office 

Edison Company requirements. This section has direct 
telephone communication from its own two-position 
board with all generating stations and 66,000-volt 
switching centers, all of which, in reality, are part 
of the system intercoimections. 

Before this section was organized its functions were 
exercised by the load dispatcher, making this work one 
of his regular functions. It is in this phase of load 
d%atehing that considerable changes have been ex¬ 
perienced lately, and in which the conununication plant 
has taken an increasingly more important part. 

The load dispatcher’s duties have always included 
control over the distribution of the load between the 
various generating stations. This was comparatively 
simple in the days when an electric system consisted of 
one principal generating station and perhaps a few 
reserve stations. When four or five generating stations 
appeared on the scene, all with varying performance 
ability, the task took on a vastly different a^ect. The 
load has to be divided between all of them in a manner 
taking account of their relative performance efficiency. 

The correct principle of operation was recognized 
from the beginning, viz., to put the largest amount of 
load on the most efficient stations, and lesser quantities 
on those of successively poorer efficiency. Progressive 
development was, therefore, possible only in regard to 
methods employed in conforming to the aforesaid 
principle. A series of definite steps in the development 
of the methods now in force are distinctly discernible. 

Earliest methods, when a new station came on the 



Fia. 3 —Commonwealth Edison Co. 60-Cyclb Load 
Schedule 


stations, and on this totalization, with indication to 
each station, is based the scheme of operation. Each 
generating station is given a load chart showing every 
station’s individual responsibility toward the system 
for all the different load values encountered in the course 
of a day or longer, as is shown in Pig. 3. In the prepa¬ 
ration of this chart full and complete account is taken 
of the relative efficiency of different stations, and the 
disWbution of load between the different stations is 
planned with a view to leaving the bulk of the load on 
the base load stations, and progressively less load 
quantities on the less efficient ones. 
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It is recognized that even inefficient stations, that run 
mostly for peak purposes, must be given a certain load 
considerably ahead of the time they are desired to carry 
the peak. It is also recognized that sometimes less 
efficient stations must be kept running in certain loca¬ 
tions in the interest of adequate system or district 
protection. All these requirements can well be indi¬ 
cated on the load schedule and this fact makes the 
scheme practically automatic, as each operator at every 
moment can see his own share of the total load and 
conform thereto. The load control function simply has 
to concern itself with seeing that the schedules are ad- 



Fio. 4— Schematic Diaobam of Remote Meterino System 


hered to and that the proper departures are made when 
and if changing system conditions so dictate. 

Remote Metering System 
The information required for proper load control is 
obtmned largely from the remote metering systems, 
details of which appeared in an earlier article by ^e 
author.* Briefly the arrangement consists of utilizing 
received alternating current impulses for operating the 
controlling coils of an indicating graphic recorder. 
Improvements in the Remote Metering System 
Instead of balancing the effect of the impulses by me- 

*“Budget-Plan Load Dispatobing.” by P. B. Juhnke and 
L. N. Moore, Electrical World, Vol. 89, pp. 1317-1320. 


chanical means, some of the recorders have recently been 
changed to operate on a wheatstone bridge arrange¬ 
ment. The coils of the meter act as the galvanometer, 
in which there is no current as long as the impulses are 
constant. As the impulses vary the circuit becomes un¬ 
balanced and current flows through the meter coils, 
tending to close a contact, causing the operating motor 
to run in a direction to indicate more or less load, de¬ 
pending on the direction of current through the meter 
coils or galvanometer. The operating motor also moves 
a sliding contact on a resistance coil, tending to restore 
the balance of the wheatstone bridge circuit. 

With this new meter circuit arrangement it is not 
necessary to have all. the meter elements installed on the 
load dispatcher’s board. This has made it posable to 
install several of these recorders in a relatively small 
space, all of which can he read by the men at the load 
control switchboard. The charts are all controlled by 
the same s 3 mchronous motor, and therefore all record 
for the correct time, so that there is no question about 
comparing the chart for any specific time. 

In this metering scheme as installed in the Common¬ 
wealth Edison Company metallic telephone drcuits are 
used exclusively, but the fact that the impulses can now 
be transmitted by the carrier-current system has materi¬ 
ally enhanced the usefulness of the S3?stem, especially 
for metering distant stations. 

On account of the high maintenance costs of the 
mechanical totalizers, research work is being conducted 
in' an effort to replace these totalizers and relays with 
vacuum tubes. 

This installation no doubt makes possible the most 
intelligent operation of large interconnected sj^tems. 
The task of directing is continuous and practically auto¬ 
matic, and the economies gained in plant operation of 
a system of moderate geographic extent more than 
warrant the cost of the equipment and the incidental 
.telephone line rental. 

Discussion 

F. R. Innesi The function of communication is tbe trans¬ 
mission of information so that operation may be controlled. 
Information may be expressed in speech, intelligible to the human 
mind or it may be expressed in some other manner to whioh 
mechanical and electrical devices are receptive. To the latter 
class belongs remote metering. 

In systems where generation stations are separated and must, 
for over-all economy, be operated with the most favorable 
division of load between them, the remote metering installation 
is a valuable tool. It is quite possible and it does happen on 
systems where load control is not closely watched that load 
swings at one station or another due entirely to transient con¬ 
ditions, may be very large, much larger than is good for the 
operation of the system. 

A remote metering system, quickly responsive to changing 
load conditions, bringing to one point and to one man a complete 
picture of the system load, makes possible the Mduotion of 
differences from the ideal conditions of load division between 
stations Md results in a much more stable system operation, 
it is possible! with such close control, to keep the regulati]^ 
station secure in its function and to prevent the usurpation of 
its job by another station that may for any reason be more 
responsive to changes in system load. 
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To a^ure maximum economy in operation, a central¬ 
ized control over all producing and distributing units 
is necessary. This control is exercised by the operating 
engineer through the Dispatching Department, which 
has its headquarters at Millbury. The extent of the 
power system and location of the various transmission 
lines is shown in Pig. 1. 

In order to obtain the advantages of unified manage¬ 
ment the territory served is divided into districts each 
having a district manager to whom report the managers 
of the individual retail companies, a superintendent in 
charge of maintenance and operation of generating 
stations, substations and transmission lines, and a 
distribution engineer in charge of distribution layout 
for the retail companies in his district. In addition 
each district has a resident representative of the 
Treasury Department. 

Types op Communicatipn Required 

Thus for the operation and management of these 
companies, three distinct t 3 q)es of communication are 
required. The first is concerned with the operating 
control of the power system; the second has to do with 
customers’ service and ordinary commercial require¬ 
ments of the individual companies; and the third is 
concerned with the administration, or executive and 
engineering control of the territorial districts. The 
specific requirements of each t 3 rpe of communication 
service will be discussed in detail. 

Operating Control 

The most important factor in the operation of a 
system comprised of a large number of generating and 
distributing units is the System Load Dispatching 
Department. It is the duly of this department to 
coordinate the operation of the various parts so as to 
achieve maximum economy. This objective can be 
gained only by very prompt and reliable communica¬ 
tion from department headquarters at Millbury to 
each individual unit. 

An analysis of the actual functioning of the depart¬ 
ment discloses a considerable number of closely related 
methods through which the coordination and control 
is exerdsed. 

1. Complete centralized control ovct production 
and load distribution. 

2. Control over every piece of apparatus available 
for service. 

3. Supervision of system tagging and safety work. 
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both during ordinary maintenance and emergency 
repair work. 

4. Forecast and scheduling of coming operation 
about 15 to 24 hours in advance. 

5. Arrangements for interchange of power with 
other interconnected systems. 

In order to plan intelligently the operation of the 
S 37 stem, the dispatcher must have available complete 
data on existing conditions. These data are secured by 
hourly reports from the various stations which transmit 
by telephone the necessary information, of which the 
following items are examples: production, sales, voltage, 
water elevation, machines in operation and others 
available for service, condenser operation, precipitation 
reading, gate and flashboard operations, etc. In fact, 
everything having a bearing on system operation is 
included in the hourly reports. 

Eeports are also received in regard to apparatus or 
line failures and arrangements made with the proper 
departments for the necessary repairs. During such 
repairs, elaborate safety precautions are taken to pre- 
vfflit energization of equipment on which work is being 
done. 

To facilitate the trainsmitting of reports as to the 
location of failures as wdl as to expedite maintenance 
and return of equipment to service, telephone stations 
are desirable at fairly close intervals along important 
transmission lines. It has been foimd to be good prac¬ 
tise to have such stations located at about six-mile 
intervals. 

Recently it has been found advantageous to delegate 
dispatching authority over certain limited areas to 
district dispatching offices. These district offices 
exercise the first three functions of dispatching under 
tile general supervision of the chief system dispatcher 
at Millbury, who in turn is responsible to tiie super¬ 
intendent of power control in the operating engineer’s 
office. This results in a unified organization in which 
methods are standardized 2 ind by which policies and 
procedures may be speedily dispatched without mis¬ 
understanding. It is evident that this method of 
operation requires instant, dependable, and continuous 
communication between all points involved. 

Customers’ Service 

The individual retail companies usually require a 
private branch exchange system to provide a flexible 
communication service for receiving customers’ and 
other outside calls, as well as to handle interdepart¬ 
mental. calls. These switchboards must be supplied 
with ample facilities including outside lines and private 
branch extensions to handle all calls without delay. 
In the larger communiti^ 24-hour service is essential, 
which necesdtates constant attendance of one or more 
telephone operators or the use of a fuU dial P. B. X. 

The telephone extensions to the Customer’s Service 
Department are so arranged that all calls involving 
SCTvice of anything from flat irons to radios or electric 


refrigerators are received at one place. This is in order 
to enable such calls to receive prompt and sympathetic 
treatment without irritating transfers from one depart¬ 
ment to another. 

Administration 

As a network of communication lines converging 
at Millbury is necessary for the operating control of the 
power system, just so a rimilar network converging at 
Boston is convenient for the admipistration of the com¬ 
mercial and engineering aspects of the buaness. 

The provision of a relatively few lines provides such a 
network between the executive offices and the territorial 



Pig. 2— ^Principal Communication CiBOtrrra op 
Nbw EngIiAnd Power Association 


offices by which the business is greatly expedited. 
Also, by interconnection made at the territorial office 
switchboards, economical and speedy communication is 
available with every part of the system. Thus when de¬ 
signing the telephone system for administrative pur¬ 
poses, flexibility is kept uppermost in mind, it being 
particularly necessary to consider carefully the effect 
on the whole network when any addition or change is 
being planned. 

Existing Communication Arrangements 

The extent and character of existing arrangements 
for supplying the above requirements are shown in Fig. 2. 
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On a map of this reduced size it is of course not possible 
to indicate the location of all P. B. X.’s of which there 
are twenty altogether. 

Histoby op Private Telephone System 

Before entering upon a discussion of the methods by 
which the above requirements have been fulfilled and 
coordinated, a brief historical review of the beginning 
and devdopment of the private telephone system will 
provide some necessary background. 

At the time of the construction of the first transmis¬ 
sion line in 1908 from Vernon to Clinton, it was believed 
by the designers that instant commimication was neces¬ 
sary between the two termini, as well as with interven¬ 
ing stations in order to insure proper operating control. 
This resulted in stringing a telephone circuit on the 
same towers with the power line conductors. As addi¬ 
tional generating capacity and transmission facilities 
were developed, the private tdephone lines were ex¬ 
tended along with the power lines either on the power 
structures or on separate wood poles at the edge of the 
right-of-way. Thus the telephone facilities constructed 
by the power company grew from a line 50 miles in 
length to a system having 600 miles of circuit. 

Probably the principal reason for the construction 
of this private system was that at that time com¬ 
mercial telephone service wais supplied, in this territory, 
by a number of independent and uncoordinated com¬ 
panies. These companies were not then equipped to 
supply promptly and efficiently the communication 
needed to operate the power system. 

Regular subscriber service was of course used in the 
same way in which it is a necessary adjxmct to every 
business, although it was a common practise to use the 
private dispatch lines wherever possible to save toll 
charges. However, traffic on the private lines eventu¬ 
ally became so congested that it was thought advisable 
to prohibit their use for any purpose except actual 
operation of Hie power system, and in some cases it 
became necessary to provide relief in the form of addi¬ 
tional service. Careful consideration indicated that 
service suitable for this need could be secured most 
economically by the use of regular commercial telephone 
service. 

When the executive and engineering offices were con¬ 
centrated at Boston and affiliations with distributing 
companies increased, the great increase in messages 
radiating from the Boston office jxistified the use of a 
leased network for handling the administrative business. 

By 1928 the number of messages handled by the pri¬ 
vate telephone system at the central dispatching office 
at MiUbury had grown to over 600 per day in times of 
normal operation or about twice that number during 
paiods of trouble. It thus became necessary to make 
further improvements in the communication arrange¬ 
ments, which now handle about three times the above 
number of calls daily. 

More knowledge of the fundamental requirements 


for each type of service was needed as well as a definite 
picture of the desirable arrangement and concentration 
of such services. It was also recognized that both 
privately owned lines and regular commercial telephone 
service were involved, and that an intelligent study of 
the situation required a thorough knowledge of modem 
developments in the communication field, as well as 
intimate familiarity with the operation of the power 
system. 

At a meeting of Power company executives with 
those of the New England Telephone and Telegraph 
Company, this need was expressed with the result that 
a cooperative study was entered upon to determine 
how to obtain improved communication service from 
existing facilities, as well as to plan for coordinated 
extensions. 

Joint Study 

This study considered all parts of the system and its 
objectives were as follows: 

1. The determination of existing communication 
facilities, methods of operation and service usage. 

2. The determination of present and future com¬ 
munication requirements. 

3. The analysis of these requirements to determine 
what improvements or changes should be made, and 
what additions were required. 

A large part of the initial survey has been completed, 
and it has become apparent that the changing nature 
and growth of requirements merit continued and sus¬ 
tained study on a joint basis. The survey has already 
resulted in improvements of which the following are 
typical. 

Modification or rearrangement of private branch 
exchange systems serving local areas, districts, or 
divisions has provided a more adequate and efficient 
handling of the needs of the business. In some in¬ 
stances, it has been possible to effect substantial econo¬ 
mies in the cost of service coincident with the rearrange¬ 
ment. Somewhat allied with this problem has also 
been the conversion from regular toll service to leased 
line service in all cases where this is justified. Leased 
service is adopted when the cost of toll calls between 
two areas increases to the extent that the leased service 
becomes particularly attractive, due consideration being 
given to such factors, as accessibility and usage, as 
well as cost. 

Load Dispatching Turrets 

Probably the most intaesting of the special station 
and switchboard equipment developed are the load dis¬ 
patching turrets shown in Figs. 3 and 4. The desir¬ 
ability of these turrets was indicated in the joint study, 
and they were designed and furnished by the Telephone 
company as a part of its service. These turrets are 
conveniently placed at the dispatcher's desk and serve 
to tominate and interconnect commrmication circuits 
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associated with the private branch exchange system. 
They have been so designed as to meet the following 
outstanding requirements of the load dispatchers. 

It was desired to provide access to all lines and yet 
minimize the actual work of telephone operating which 
is required of the dispatcher. This was accomplished 
by locating the turrets conveniently, by using switch 



PlQ. 3 


keys instead of cords and plugs, and by providing 
means for the station P. B. X. operator to handle aU 
ffalla not intended for the dispatcher. At the same time 
the load dispatchers must have full control of all the 
lines at times of system disturbance or at night when the 
regular switchboard was unattended. This require¬ 
ment was met by arranging for permanent patching of 
all lines from the P. B. X. to the turrets whenever 
de^ed. 

Visual as well as audible indication of incoming calls 
and their status is important because of its many 
advantages. For example, the visual indications of 
incoming calls appear on the turret as fast as the calls 
come in, and remain until answered. Thus the amoimt 
of traffic waiting to be handled is at all times apparent, 
and the number of dispatchers on duty can be adjusted 
depending upon its volume. In this connection a 
visual indication of a busy line is also provided at all 
positions so that, when a call is answered by any dis¬ 
patcher, the others are notified to that effect and take 
care of the next unanswered call. 

These various conveniences are accomplished while 
all but two telephone instruments are eliminated from 
the dispatcher’s desk, one for the private line and one 
for the Bell system lines. 

Transmission, Protection, and Signaling 

A vital part of every study in the review of existing 
facilities and in the planning of new ones has been that 
of transmission, that is, the grade of "talk” obtained. 
It is not unusual to connect two or more lines for com¬ 
munication within the private network. In such cases 


a line which is designed to give satisfactory transmis¬ 
sion between its terminating P. B. X’s may be entirely 
inadequate when connected to another line to reach a 
more distant P. B. X. or station. It is, therefore, im¬ 
portant to determine beforehand what interconnections 
are desirable in order to meet such situations in the 
design of the circuits. 

Of equal importance is the matter of protection from 
abnormal electrical voltages which may be impressed 
upon the communication circuits by lightning, induction 
from power lines, or ground potential conditions. 
F. Yifjting installations have been inspected to make sure 
that protective equipment was properly installed and 
suited to the specific conditions. On new or proposed 
installations the proper protection arrangement is 
detOTnined in advance by observations, tests, and 
calculations. 

On long circuits or on circuits involving several 
bridges, it is important also to consider the signaling 
arrangements best fitted to meet the particular require¬ 
ments. These have been found to vary somewhat 
depending on the needs of the specific case. 

Noise Treatment—Private Lines 

The joint survey of the communication facilities 
owned by the power company is of interest. It was 
recognized that consistent treatment and maintenance 
would be required to keep the lines in proper condition 
from the standpoint of noise and transmission, and 
that some of the lines were much noisier than was 
believed to be necessary. 



Fia. 4 


A systematic attack on this problem was made, be¬ 
ginning with a complete field inspection and survey. 
As a result of this survey, all necessary tree trimming, 
replacement of brokeninsulators, etc., were accomplished 
as well as the preparation of a complete exposure and 
transporition diagram of all the lines in the system. 
At the same time measurements were made of the noise, 
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both metallic and to ground, which was present on all 
of the lines and on the various parts of these lines. 
From the exposure diagrams obvious transposition 
unbalances were noted and corrected. The noise sur¬ 
vey provided the basic data from which an intelligent 
attack could be made on testing and locating the 
sources which caused the noise. 

The next step was to design a combination of equip¬ 
ment which would accurately measure insulation re¬ 
sistance, series unbalances, etc., so that bad joints, 
leaky insulators, and other contributing causes could be 
located without sacrificing adequate protection to the 
testers from the induced voltages present on the tele¬ 
phone lines. The work of cleaning up the lines with the 
use of this testing equipment is finished. Although all 
the data are not yet assembled, it can be stated that 
this testing and clean up work has resulted in marked 
improvement of the noise conditions on the lines and it 
is planned to continue the use of this testing equipment 
as a regular part of the maintenance work. 

Fifteen Mile Falls Patrol Service 

When, in 1929, it was decided to proceed with the 
construction of the Fifteen Mile Falls power develop¬ 
ment with its 220-kv. transmission system, authoriza¬ 
tion was secured on the basis of constructing the usual 
wood-pole telephone line parallel to the power lines. 
The effect of induction on the communication system 
was carefully considered by the power company and 
discussed with the telephone engineers on the joint 
study basis. 

This discussion resulted in the telephone company’s 
suggesting as an alternative proposition that this ser¬ 
vice be leased from it. A preliminary plan of the de¬ 
tails of obtaining leased service at the various patrol 
stations was made. A thorough consideration and dis¬ 
cussion showed that the desired service could advan¬ 
tageously be obtained in this way. This resulted in a 
decision to enter into the proposed arrangement on a 
trial basis. 

The prime influence in arriving at this decision was 
the ability of the telephone company to furnish one or 
more duplicate paths of communication in case of 
trouble with the regular path. Such duplication is 
available on the existing private system by virtue of its 
layout in loop feeds but was xmobtainable on the Fifteen 
Mile Falls line except at very considerable expense. 
Another factor considered is that within a few years the 
telephone company plans to have sleet proof construc¬ 
tion throughout the length of the line. A third factor 
was the lower annual cost. 

The layout of this conununication circuit is indi¬ 
cated in the upper right hand portion of Fig. 2. It is 
designed to serve precisely the same function for load 
dispatching and for patrol service along the transmission 
line as do the privately owned lines paralleling the 
other transmission lines. 

The features of design and the maintenance arrange¬ 


ments which insure the desired continuity of com¬ 
munication service may be of interest. The leased 
circuit is routed over regular toll lines from Tewksbury 
to Fifteen Mile Falls with a permanently bridged tap 
to the central New Hampshire substation. Access to 
the 23 patrol booths on the transmission line is given by 
lateral spur lines extending from central offices through 
which the main line passes. The average distance from 
the main line to the patrol booths is five miles and the 
average spacing between successive booths is five miles. 
This line is under the complete control of the power 
company and the services of regular telephone operators 
are not required, except when exchange service is de¬ 
sired from a patrolman’s booth. 

An interesting equipment feature is the arrangement 
whereby the patrol station spurs are normally discon¬ 
nect^ from the main circuit, but which permits them to 
be connected to the main circuit at will by the opera¬ 
tion of a switch at the pafrol booth. With this arrange¬ 
ment, shown in Fig. 5, the closing of the switch at any 
patrol station causes a relay at the central office to 
connect the patrol loop to the main circuit. The switch 


Where Line is Bridged at a Magneto Office 



Fig. 5—^Patrolman*s Line Circuit 
S pecial for New England Power Company Tewksbury-Bamet Line 


is normally left open so that the bridging losses of the 
patrol station spurs may be avoided. 

Provision is also made to enable the patrol station to 
signal the operator in case exchange or toll service is 
desired. This desirable feature is accomplished by 
connecting the back contacts of the bridging relay to a 
drop in the central office. It provides greater con¬ 
tinuity of service, for, should the relay fail to operate, 
a patrol station will automatically signal an operator 
when the patrolman rings on the line. Connection can 
then be made either to the leased lines or to the toll or 
exchange network of the telephone company. 

Adequate transmission is ^ obtained on this circuit 
by the use of vacuum tube repeaters at three intermedi¬ 
ate central offices. These repeaters also make it possible 
to carry on satisfactory conversations between Millbury 
and Littleton whentherespective tie fines are connected. 

Field tests indicated the necessity for special high- 
voltage protective equipment at the Tewtebury sub¬ 
station and the Fifteen Mile Falls generating station, 
and also at the central New Hampshire substation to 
prevent interruptions of telephone service due to rise 
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of station ground potential at times of power line fault. 
“These tests indicated that the ground potential in case 
of power line fault will rise above the corresponding 
central office ground enough to operate standard sub¬ 
station and central office protection and put the tele¬ 
phones out of service. The power line is Y grounded 
at Tewksbury and Fifteen Mile Falls and the station 
ground at these points is therefore susceptible to such 
voltages in case of any fault throughout the entire length 
of the 220-kv. line. 

The protection provided consists essentially in iso¬ 
lating the telephone plant in the vicinity of the power 
station from the .rest of the telephone plant by using 
insiTlating transformers in all telephone lines on 
the load feeding the power station. Transformers 
insulated for 26,000 volts between the windings are 
used. They are protected from lightning by 3,000-volt 
hghtning arresters where the line adjacent to them is 
open wire. These transformers are moimted on H 
structures in the aerial telephone plant feeding the 
stations. 

Recognizing the important part played by com¬ 
munication in the operation of the power system the 
maintenance practises which have been placed in effect 
are designed to ensure the highest degree of depend¬ 
ability and continuity of this service. 

Among the points covered in the maintenance routine, 
the following have been emphasized as of primary 
importance: 

1. One man has been designated, to whom trouble 
on any part of this circuit is rep03*ted, either by the 
power or telephone company employees. This man 


coordinate and administers all maintenance or repair 
work on this circuit. 

2. At times of trouble in the outside plant, he ar¬ 
ranges to have it cleared in the shortest possible time. 

3. A cabinet of patching jacks has been installed 
in every central office which was not already equipped 
with a toll testboard or toll patching jacks. Both the 
spur lines and the main line are terminated in these 
jacks. Regular toll circuits have been designated for 
use at times of circuit failure on the leased line and also 
appear in these patching boards so as to facilitate the 
setting up of emergency service. 

4. Instructions are set up with test men and with 
various central offices to patch with these circuits at 
time of trouble and to re-route the entire base circuit 
if necessary to maintain continuity of service. 

6. Arrangement is made for routine tests and for 
T panual connection of spur lines at offices not equipped 
for test to the main circuit so that tests can be made 
from distant test boards. 

Conclusions 

Although the communication requirements of the 
New England Power Association have presented some 
unusual problems, joint consideration of these requue- 
ments has resulted in a satisfactory, communication 
sjrstem. The provision of adequate com muni cation is 
AjapAntial to the operation of the power company, and 
in order that this may be accomplished economically 
and with Tninimiim duplication of effort, as the require¬ 
ments change in the future, it is planned to continue the 
joint survey work. 
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Synopsis.—The paper describes operating tests with large turbo 
generators under load and gives a risume of answers to a question-^ 
naire^ bearing on the phenomena accompanying the interruption 
of the direct-current excitation supply^ followed by redosing after 
a short interval. 

The object of the investigation was to determine, if possible, a 
reasonably safe operating procedure that could be followed in re¬ 
establishing normal conditions on a large turbo generator whose 
excitation had been interrupted while carrying load. 


The authors conclude that the reexcitation of a generator without 
withdrawing it from the bus is a justifiable and safe opm'aiing 
procedure and the one that will restore all conditions to normal in 
the shortest time. 

These conclusions have been verified by twelve prearranged tests, 
five experiences^' in the local company and seventeen experiences'* 
by other i ompanies. In all of these cases the field stoUches have 
been reclosed without trouble of any hind. 
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O NE of the early questions which arose in the 
parallel operation of alternating-current gener¬ 
ators was, “what will happen if the field circuit 
is opened while a generator is canying load and in 
parallel with other generators?” This proposition is 
somewhat academic and no doubt has been solved to 
the complete satisfaction of students and others using 
laboratory set-ups or small generators whose behavior, 
in so far as customers’ service was concerned, was of 
no serious consequence. 

Operators of large power stations and interconnected 
systems have disposed of the question in various ways 
as evidenced by replies to a questionnaire. It was 
found that there was a lack of conclusive data bearing 
on the behavior of turbo alternators when operated 
with an open field and, in general, it was the impression 
that something very serious might result if the field 
was reestablished before disconnecting the generator 
from the bus. The usual practise was therefore to 
take the unit off the system, reexcite it and ressm- 
chronize. 

While the foregoing was the general feeling, there 
was no evidence to support it; in fact, the evidence 
produced was negative. As the size of individual 
units increased and large, single machines constituted 
a considerable percentage of a station’s capacity, and 
an interruption on one of them seriously affected the 
stability and uniform operation of the system, this 
old question came to the front for serious consideration. 

With the advent of multiple or group upits consist¬ 
ing of two or more generators, the time required to 
restore a unit to the system after once being discon¬ 
nected from the bus, when not excited, would probably 
be not mu<?h less ^an an hour. This is because the 
two or more machines comprising the unit will retard 
at different rates and consequently will be so far out 
of synchron ism that when the excitation of the various 
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generators is.reestablished, they will not pull into step. 
It therefore becomes necesssuy to allow the machines 
to come to rest, close the field circuits and accelerate 
in the usual way. Such an interruption on units of 
50,000-kw. to 150,000-kw. capacity would obviously 
be most serious at the time of heavy load. 

In order to establish a reasonably safe operating 
procedure for such emergencies and one that would 
reestablish normal conditions just as soon as possible, 
the authors have collected data on experiences and 
statements from various sources and have deter¬ 
mined, by tests, the behavior of large units under this 
abnormal condition. 

Replies from 10 operating companies and one manu¬ 
facturer brought information about 16 cases in which 
field switches were reclosed without cutting the gen¬ 
erator off the bus. No one reported any disturbance 
on the reclosing of the field. The authors have rather 
complete information on 18 other eases wherein the 
field circuits were reclosed without any difficulty. 

Opinions op Operating Companies 
Seven stated they had promptly reclosed the field 
switch or would not object to it being done. 

Three stated they would not reclose the switch but 
would cut the generator off the bus. 

One manufacturer of large units recommended the 
field switch be reclosed. 

These statements concerned machines of from 8,000 
kw. to 65,000 kw., both steam and hydro. 

It is the practise in unattended hydroelectric plants 
to have the generators thrown onto the bus unexcited 
when about up to synchronous speed, after which the 
field is applied and the unit pulls into step. 

The replies from operating companies probably 
represent the accumulated experience over a great 
many ye^ and while probably not complete, no single 
case is cited wherein trouble resulted from reclosing 
the field circuit. It seems reasonable to conclude that 
where the general feeling is in opposition to such a 
practise, that had there been ans^jhing to support such 
a stand reference to it would have been made. 

H94 
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It would seem from some of the replies to the ques¬ 
tionnaire that the behavior of unexcited generators is 
not very well understood, because several references 
are made to the anticipated danger of “pole slippage,” 
“out-of-step,” and “out-of-phase” conditions* In prac¬ 
tically all cases of record referred to in answering the 
questionnaire and in 18 cases of which the authors have 
first hand information, the generators continued to 
carry load, sometimes they did not drop any, some¬ 
times as much as 30 per cent but in all cases they carried 
some. This indicate that the generators did not drop 
below synchronous speed but probably went above 
speed and that pole slippage is of no moment. In the 
tests on the 60,000-kw. generator there is positive 
evidence that the rotors drifted ahead of synchronous ‘ 
speed and by different amounts. This was probably 
true in the other cases. It is therefore reasonable to 
believe that pole slippage as associated with possible 
complications incident to the opening of the field 
circuit is not' harmful. 

With the reestablishment of excitation the rotor 
poles build up'slowly and as they do, the speed of the 
rotor changes slowly and the rotor and stator poles 
lock into step with properly related polarities. 

The question of subnormal excitation of a generator 
has a bearing on this subject because of experience 
which indicates what the effect on a generator is when 
it slips a pole due to reversal of exciter polarity re¬ 
sulting from weak exciter field, etc. The point that 
should be borne in mind is, that the exciter should 
never be operated below the knee of its saturation 
curve. If it is, it may be overpowered by the induced 
voltage in the rotor circuit when the field switch is re- 
dosed, causing the rotor poles to reverse as fast as 
they lay to lock in "with the stator poles. The harmful 
effect of such an occurrence on a large system is mod¬ 
erate as measured by bus voltage disturbance eind 
apparently ne^gible in so far as harm to the generator. 
Aside from the remote possibility of accumulated dust 
and dirt being ignited by sparlra from poor electrical 
joints in the steel structure of the rotor, no damage 
would be anticipated. No doubt, currents of high 
magnitude exist in the steel of the rotor at the time 
when the rotor speed differs from that of the armature 
poles. 

Cases of this kind of disturbance and on units of 
35,000 kw. have resulted in a 10 to 12 per cent dip in 
bus voltage and aside from a groan of the unit, did not 
interfere with parallel operation in the system. 

As sub-normal excitation may allow pole slipping, 
this point was taken into consideration in the tests 
described below and normal setting of all rheostats 
maintained. 

Tests 

Tests have been made on the restoration of the 
excitation of alternators of 30,000-kw., and 60,000-kw. 
capacity. Preliminary tests, four in number, made on 


the 30,000-kw. machine were more or less of a trial 
nature and served to show what the instrument set-up 
should be for the test on the 60,000-kw. multiple unit. 
Oscillograph records were not made but the observed 
indications of current, voltage, etc., were recorded. 
This unit was rated 36,000 kva., 85 per cent power 
factor, 12,000 volt, 1,200 r. p. m., 60 cycle; tandem 
compound, having 3.06 ohms synchronous impedance; 
no external reactance; operating in parallel with the 
Chicago system. The following readings were taken: 



Bus volts 

Maclitne 

amperes 

Machine kw. Power factor 

Before test... 
Field open... 
After test.... 

....12,400.... 

_11,200.... 

....12,400.... 

1,000 

. .2,000-2,600, 
900 . 

15,000 ..0.72 lag. 

. . 14,000-16,000. .Oflscalelead 
16,000 ..0.78 lag. 


The field switch was left open for approximately 
one and one-half minutes on this test. The change in 
current and power factor after the field was reclosed 
was due to increase in excitation in other connected 
stations and on other generators in the same station 
while the field switch was open. 

There was no -violent fiuctuation of current or voltage 
while the switch was open, the change from 1,000 
amperes to 2,000 amperes was at a slow and approxi¬ 
mately uniform rate covering about two seconds. The 
change from 2,000 to 2,600 amperes was irregular and 
without any definite frequency though observers 
agreed that it did seem as though average values 
might have a definite period. 

A second test with the same set-up of values resulted 
in the same conditions. This was followed with a test 
when the unit was loaded to 21,000 kw. Results were 
about the same except the bus voltage dipped to 
11,000—a 1,300-volt drop. After this test it was 
observed that the field discharge resistance was being 
heated. A voltmeter was then connected across the 
discharge resistance and a fourth test made which 
showed, by calculation, that the induced current in 
the field circuit was 100-120 amperes and fluctuating 
and reported “not to have dropped to zero at any 
time.” This report is doubted. 

S-tarting with a bus pressure of 12,400 volts, five 
seconds elapsed before the pressure dropped to 11,200 
volts, going down at a slow and uniform rate. After 
the field switch was reclosed it took about one second 
for the exciter to build up the current to full value but 
took five seconds after that for the bus pressure to 
reach full value again. 

The unit layout and instrument set up for the tests 
on the 60,000-kw. machine are shown in the accom- 
pan 3 dng diagrams. 

This unit is of 60,000-kw. capacity, cross compoimd, 
60 cycles, 12,000 volts. The high-pressure generator 
runs at 1,800 r. p. m., is of 17,000-kw. capacity and has 
a synchronous impedance of 6.8 ohms. The low- 
pressure generator is of 43,000-kw. capacity, 1,200 








1196 


HIGGINS AND WILD 


Transactions A. I. E. E. 


r. p. m., and has 1.92-ohms s 3 mchronous impedance. 
The external reactors between the unit and the bus 
are 827 kva., 3,500 amperes and have 3 per cent re¬ 
actance on 12,000 volts. 

During two preliminary tests the unit was given a 
load of 20,000 kw. at 85 per cent power factor. The 
switch was opened which cut off the excitation of both 
fields. The switch was left open for approximately 
three minutes, during which time the hand of the syn¬ 
chroscope made 16 revolutions, showing that the field 



Fig. 1—Ceawford Ave. Station 

Plan of two-element 60,000-kw. turbo-generator unit No. 2. 
Commonwealtb Edison Oo. Feb. 28, 1930. 


of at least the high-pressure generator was slipping 
ahead of the system slowly. The speed of the high- 
pressure unit was compared with the system by means 
of the synchroscope which was connected between the 
house alternator on the high-pressure unit shaft and 
the 2,300-volt bus which was alive from the main 
12,000-volt bus. 

The reclosing of the field switch occurred about the 
time the synchroscope showed the high-pressure rotor 
to be 180 deg. out of phase. That is, the mechanical 
time-phase relation of the poles of the rotor was 180 
deg. away from the normal position. There was a 
total absence of surging or violent fluctuations; the 
excess current' on both generators simply subsided, 
the synchroscope needle stopped at the “in” phase 
position and the voltage came back to normal. 

Final Oscillograph Tests 

A second set of testa was run on the 60,000-kw. unit 
dining which oscillograph records were made, but 
owing to the length of the films (24 ft.) only the im¬ 
portant sections are given in the accompanying figures 
and these curves are faithful reproductioiis of the 
oscillograph record. 

The field switch was opened three times in all. On 
the first test, the mactoe had 30,000-kw. load at 
unity power factor. A short, fast film was run to 
determine the proper scale on the oscillograph and the 
time relation between various waves. 


On the second test the machine had the same load 
of 30,000 kw. at unity power factor but the field switch 
was kept open over 30 seconds while a 24-ft. oscillogram 
was taken. On the third test the machine had 50,000 
kw. at 80 per cent power factor when the switch was 
opened. A 24-ft. film was again run for about 30 
seconds. 

The general performance of the machine in each test 
was similar but the amplitude of the current and voltage 
oscillations was much greater for the higher load. A 
plot has, therefore, been made for the latter case only, 
and root-mean-square values of current and voltage, 
instantaneous values of field current and speed have 
been shown. 

A plan of the principal steam connections and an¬ 
other of the electrical connections used in the test, are 
also given. 

Opening the Field 

■When the field switch was opened the .field current 
immediately dropped to less than half value. Then 
for a period of four seconds the fields gradually became 
demagnetized. The station bus voltage dropped as 
the fields became demagnetized and the armatures 
gradually drew heavy magnetizing currents from 
the system. 

From the end of the fourth second till the field switch 
was redosed, generally transient conditions existed. 


17,000 KW. 43,000 KW. 

HR GENERATOR LP. GENERATOR 



Fig. 2—Crawford Ave. Station 

Two-eloment 60,000-kw. turbo-generator unit No. 2 instrument 
connections for open Hold test. Commonwealth Edison Oo. 


Both machines ran considerably above synchronous 
speed and slipped past their regular pole positions 
many times. The speed of the high-pressure turbine 
was very erratic. "Violent governor action was ob¬ 
served. The low-pressure turbine, not having a speed 
regulating governor, ran at a more uniform speed. 

The steadiness in the speed of the low-pressure 
turbine can probably be accounted for by the fact that 
the reheat boiler served as a stabilizer for the rapidly 
pulsating steam that was passing through the high- 
pressure turbine. Since the heat in the reheat boiler 
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was constant, it would momentarily give off more 
reheat to a smaller amount of steam at a lower pressure 
and less reheat to a larger amount at a higher pressure. 

As the magnetic coupling between the field and 
armature poles was removed, the energy produced by 
the turbine being constant, the machine accelerated 
above s 3 mchronous speed. The field winding then 
cut lines of force and had induced in it a current which 
had a frequency proportional to the slip or the differ¬ 
ence between armature and field speed. Its general 
characteristics were those of an induction generator. 

As the turbine speeded up, the governor, set for a 
given load at synchronous speed, reduced the amount 
of steam into the turbine and the machine slowed 


Ordinarily an induction generator would have constant 
armature current for a given speed. The peak values 
found on these tests can be explained by the fact that 
tile field does not have a uniformly distributed winding 
such as would be found in the rotor of an induction 
machine. When the center of the field pole is not 
directly under the center of the armature pole, the 
field windings are not symmetrical with respect to the 
armature pole and it takes a larger armature current 
to induce the same field current than when the poles 
are centered. 

The station bus voltage was reduced about 1,500 
volts. This reduction was greatest when the armature 
currents were a maximum and was least when the 
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Unit 2—Crawford Ave. Station. Feb. 28. 1930. 60.000-kw. cross-corn- 
potind turbine. Machine carrying 50,000 kw, at 80 per cent power factor 
when field switch was opened. 


down. When the machine approached synchronous 
speed, the governor opened up again. This cycle 
repeated itself very rapidly at high loads, much less 
rapidly at light loads. 

When a field pole came under an armature pole it 
had induced in its winding a current which set up a 
magnetic pole, of opposite polarity to that of the 
armature pole. Then as the field passed over to the 
next armature pole, the field pole became demagnetized 
and then remagnetized in the reverse direction. These 
reversing field currents are shown in Fig. 3 where they 
are plotted as instantaneous values. 

The armature currents which are plotted as root- 
mean-sqxiare values, are seen to have a maximum and 
minimum value for each reversal of the field current. 


armature currents were a minimum. The naaximum 
armature currents cheeked very closely with pre¬ 
determined values which were 2,100 and 6,000 amperes 
respectively for the high- and low-pressure generators. 

There is some question that if the field switch had 
been closed when the induced field curr^t was a 
maximum in the reverse direction, the exciter (shrmt 
wound) might have become demagnetized. In the 
worst case found here, the low-pressure field w^ found 
reversed 550 amperes and passed through a discharge 
resistance of 0.56 ohms so that the voltage which would 
have been thrown across the exciter would be 308 volts, 
only momentaiily. This might have been enough to 
demagnetize an exciter set at 275 volts. It would 
also have been necessary for the high-pressure field 
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current to be negligible or also reversed at the same 
time, since the net current in the common exciter is 
the instantaneous sum of the high- and low-pressure 
field currents. 

It is thought that the time required to weaken and 
reverse the exciter would be greater than the duration 
of the induced field current at its maximum negative 
value. Therefore, the exciter would probably not be 
reversed. 

The belief that excessive currents might be induced 
in the field winding which would prove injurious was 
not borne out by the observed values of current. 

The tabulation which follows gives a comparison 
between the action on the two loads: 


Load..30.000 Irw.30.000 kw. 

High-pressure speed (max.)... 1,855 r. p. m... 1,872 r. p, m. 

Low-pressure speed (max.). 1,220 r. p. m.., 1,233 r. p. m. 

High-pressure field current (max, posi¬ 
tive) ... 120 amperes.. 410 amperes 

Low-pressure field Current (max. posi¬ 
tive) .;. 180 amperes.. 550 amperes 

Bus voltage (minimum).10,500 volts.10,000 volts 

High-pr^ure armature current (max.) .. 1,610 amperes., 3,000 amperes 
Low-pressure armature current (max.)... 3,340 amperes.. 6,700 amperes 


Closing the Field 

In each case when the field switch was closed, the 
field current instantly started to build up in the right 
direction although it had been reversed in one case 
just prior to the field being closed. The armature 
currents returned in about 5 seconds to their normal 
values and station voltage recovered to almost normal 
in about 5 seconds. The voltage, however, took about 
20 seconds completely to recover. 

The speed of the two generators, at the time of 
closing the switch, was not far from synchronism 
although it was not exactiiy ssmchronous. In each 
case the machine recovered in less than 2 seconds to 
its ssmchronous speed. 

In the 30,000-kw. load test, the unit dropped a 
maximum of 30 per cent load and in the 60,000-kw. 
test, 40 per cent. 

Conclusions 

It is recognized that different types of generators 
behave in different ways when the excitation is cut 
off. Old units having low-resistance field windings 
and operating with 125-volt excitation are more erratic 
than later machines employing 250-volt excitation 
probably due to lower energy loss in the rotor. If the 
unit is carrying less than % load, there is no danger 
in redosing the field switch. If the unit is canying 
more than % load it will be prudent to lower on the 
governor before reclosing the field switch. 

If the bus voltage has dropped to 60 per cent of 
normal it will be prudent to cut off the generator to 
prevent the possibility of other generators dropping 
out of step, but such a reduction in voltage due to an 
open field is unlikely on large systems. 


Owing to its reactance, it is impossible for the rotor- 
field to snap up to full strength and correspondingly 
owing to a weaker magnetic coupling it is impossible 
for the rotor to change speed instantly, therefore, 
there can be no shock such as paralleling a machine 
out of phase. 


Discussion 

L. P* Shildnecks The proper procedure in case of accidental 
loss of excitation while under load has long been a moot question 
among operating companies. A critical study of this problem 
shows that no harm should result to the machine from re-closing 
the field switch. In fact, it reveals that the excitation should 
be re-applied as soon as possible to prevent damage to the rotor. 

If viewed from the synchronization standpoint, this problem 
is considerably simplified. If the heating of the rotor is disre¬ 
garded, any ordinary synchronous machine can be brought up 
to speed as an induction motor. At the instant before excita¬ 
tion, the machine is on the line at full voltage, with a stator 
current and power factor determined by the slip. After excita¬ 
tion, the rotor must speed up to synchronize with the stator flux 
wave. A turbine generator upon loss of excitation runs as an 
induction generator above synchronous speed at some alii> 



Fig. 1—Induction Generator Characteristics 


determined by the governor setting. This condition is very 
nearly the same as the induction motor condition, since the 
machine is on the line at full voltage, with a stator current and 
power factor determined by the slip speed. Thus synchroniza¬ 
tion under this condition is actually easier than in the former case 
of an induction niotpr, for the rotor slows down to synchronous 
speed. 

The induction generator characteristics of a solid turbine 
generator can be approximated by assuming that the rotor is a 
sohd steel cylinder, with no slots or field copper. The rotor 
currents are mainly concentrated in a shell of about one-half 
inch depth on the outside periphery of the rotor. Curves of 
stator current, power factor, and power against slip are shown in 
Fig. 1, for various values of resistivity of rotor steel. These 
characteristics, together with the governor characteristics, 
shown in Fig. 2, then determine the operation of the set. 

Referring to Fig. 3 of the paper, in the interval between 8 and 11 
sec. after removal of excitation, the slip frequency, as observed 
from the low-pressure generator field current, is 1.83 cycles 
per sec., or the slip is — 0.03. According to the calculated 
induction generator characteristic curves, the stator current at 
3 per cent slip is about twice normal, or nearly 5,000 amperes. 
This is seen to check the lower envelope of the L.P. generator 
armature current curve Fig. 3. The lower envelope constitutes 
a check point for the following reasons. There is one point in 
the cycle of operation of the rotor which justifies the assumption 
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that the rotor was a solid cylinder with no slots or field winding. 
‘Consider now the actual rotor with a stator fiux field revolving 
slowly around it. At one instant, the field coils are inductively 
related to the stator flux, and currents are induced in them. 
Ninety degrees later, the field coils are non-inductively related 
to the stator flux, and no current is induced in them. At the 
first instant, then, there are two parallel paths for rotor current 
to fiow, one in the steel, and one in the copper. The impedance 
is then low. At the later instant, the field coils are “out of 
the circuit”; there is but one path, and that is in the steel. 
The impedance is then high. At this instant, current is flowing 
down one pole face and back along the adjacent one. Since 
the impedance is high, the stator current will be low. Thus 
the lower envelope of the armature current constitutes a check 
point for the calculations. 

With the set carrying 60,000 kw. before loss of excitation, 
it is seen that the governor begins to throttle the steam as the 
speed rises above the system speed. Thus at 2 per cent over¬ 
speed the governor is admitting sufficient steam to can^ approxi¬ 
mately 30,000 kw. But at 2 per cent slip, the output of the 
generators is about half load, or 30,000 kw. Thus the set would 
finally settle down and carry a continuous load of 30,000 kw. 
However, the power factor is but 36 per cent, consequently the 
armature current is high, about 160 per cent of normal. While 
this condition for the stator is harmful, it will be seen that the 
rotor is in a worse plight. 



Pig. 2— Governor Characteristics for Various Governor 

Settings 

An inspection of the test curves for armature current of the 
low-pressure unit reveals an interesting comparison between the 
values of currents flowing in the steel and in the copper portions 
of the rotor. These curves are but the efifective current curves, 
or 0.707 times the envelope of the 60-cycle stator current. 
Notice that this effective stator current reaches a peak value 
of 6,500 amperes whenever the field coils are inductively related 
to the stator flux waves, and has a value of 6,000 amperes, when¬ 
ever the field coils are non-inductively related (at 3 per cent slip). 
Thus the m.m.f. contributed by body or steel currents is propor¬ 
tional to 5,000, while the m.m.f. contributed by the copper cur¬ 
rents is proportional to 6,600'-6,000 or 1,500. The steel current 
m.m.f. is thus 3.33 times the m.m.f. set up by currents in the field 
popper (at 3 per cent slip). Herein lies the real danger in operat¬ 
ing as an induction generator or motor for any length of time. 
The extremely high body currents concentrated in the outer shell 
of the steel rotor cause an intense heating of the rotor surface. 
Considerable damage may be done due to burning of the rotor 
wedges, especially at the ends of the rotor body. The extent of 
the danger is readily apparent from a consideration of the fact 
that at 2 per cent slip, the rotor losses are 2 per cent of the output 
of the machine. Normal full-load rotor loss is about per 
cent. Taking into account the fact that at 2 per cent slip, the 


load is but one-half normal, it is seen that the rotor loss is about 
4 times normal when operating at 2 per cent slip. Furthermore, 
Fig. 2 shows that the slip is greatly increased when the machine 
loses excitation at full load. The* sustained values will be; 
slip 4.6 per cent, load 85 per cent. Therefore, the rotor losses 
will be 0.85 x 4.5 per cent or 3.8 per cent as compared to a 
normal rotor loss of per cent. In other words, the rotor loss 
under this condition will be 15 times normal. Moreover, this 
loss is not uniformly distributed over the periphery of the rotor 
surface; it is greatest at the ends of the machine where the cur¬ 
rent has to pass across the wedges. If heated sufficiently, these 
wedges may lose their physical strength to an extent which would 
allow them to be pushed out of the slots by the centrifugal force 
of the coils. 

These are the dangers attending operation as an induction 
generator or as an induction motor. For these reasons, it is 
certainly inadvisable to operate any longer than necessary at 
other than synchronous speed. Excitation should be reestab¬ 
lished as soon as possible. If this cannot be done in very short 
order, the machine should be disconnected from the line 
immediately. 

L. L* Perry* This discussion is particul^ly applicable to a 
triple compound unit comprised by one high-pressure generating 
unit and two low-pressure generating units. With this type of 
unit we have an installation wherein each low-pressure member 
can, when the high-pressure member is down, operate up to 
rated capacity by admitting high-pressure steam to the low- 
pressure turbines. In the event of accidental opening of the 
iigh-pressure generator field, the operator is confronted with 
two alternatives: 

(1) He may at once open the main oil circuit breaker, cutting 
)ff the high-pressure generator from the bus and thereby lose 
that amount of generator capacity for many minutes. Mean¬ 
while he can, in a few seconds, obtain the rated capacity of the 
two low-pressure generators by permitting high-pressure steam 
to enter the low-pressure turbines through the reducing valves 
provided therefor. (Indeed, this admission of high-pressure 
steam may be made automatic whenever the kilowatt load on 
bhe high-pressure turbine falls below a predetermined value.) 
In the first interim period the momentary loss to the system may 
be easily 90 to 100 per cent of the load carried by the total unit; 
60 per cent may be restored in a few seconds, but it may require 
some minutes to restore the balance of 40 per cent of the load 
originally carried by the unit; or 

(2) He may allow the high-pressure generator to operate on 
the system until he restores the field. In this case the momen¬ 
tary loss to the system may not exceed 50 to 60 per cent of the 
load carried by the total unit, and the restoration of the load 
previously carried may be made in much quicker time than the 
first interim period in the first alternative. Furthermore the 
loss of time necessary in the alternative to synchronize does not 
occur. 

The facts presented in the paper permit the station electrical 
engineer to issue orders to the watch engineer that may easily 
prevent a serious disturbance to service. 

L. E. Frost* There have been three occurrences at the 
Hudson Avenue Station which are of particular interest in 
connection with the paper by Messrs. Higgins and Wild. All of 
these involved the same machine, an 80,000-kw. cross-compoimd 
unit with generators of equal capacity on the two shafts. 

The scheme of field current supply for this unit is shown in 
Fig. 3. The fields of the two generators are controlled tlmough 
a duplex rheostat. The supply to both fields is derived jointly 
from a shaft exciter on the high-pressure unit, and from an 
excitation bus. Each of these sources of supply is controlled 
by an automatic air circuit breaker and reverse current relay. 

In a period of one year, there were three occasions when this 
unit became unstable and puUed out of step while carrying loads 
ranging from 60,000 to 75,000 kw. Several plausible explana- 
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tions liave been advanced as to what started the disturbance in 
each case, but the proof has not been conclusive and my descrip¬ 
tion of the sequence of events represents an opinion which is 
held by many who are familiar with the ease, but which is not 
unanimous. 

Whether the original disturbance was at the steam or at the 
electrical end of the unit, it seems clear that the unit pulled out 
of step and speeded up until the governor brought the steam 
input down to meet the output as an induction generator, at 
an unsteady speed corresponding (in its average) to a 61-cycle 
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synchronous frequency. In each ease the circuit breaker be¬ 
tween the excitation bus and this unit opened automatically, 
and it appears that this was due to transient reversals of field 
current back into the excitation battery as the poles slipped 
past synchronous positions. As the unit had been drawing 
about a fourth of its excitation from the bus, the tripping of this 
breaker aggravated the disturbance by materially weakening 
the field supply. In each case the generator remained connected 
to the high-tension bus and in a minute or so pulled back into 
step. During this minute, the output of the machine fluctuated 


in fairly regular swings from 20,000 kw. up to 65,000 kw. or 
more at a slip frequency of about one cycle per second. At^ 
the sarne time the system voltage underwent swings of the same 
frequency but fortunately it did not reach serious values. 

At the first occurrence, which was in December, 1929, the 
controls of the machine were not touched by the operators until 
it had come back into synchronism of its own accord. At the 
second and third occurrences, which were in June and September 
of 1930, the operators increased the field current in order to force 
the unit back into synchronism. This step proved very effective. 
It was reported that as the field current was brought up the 
amplitude of load swings increased somewhat at first but that 
the unit quickly pulled into step and settled down to normal 
operation. 

These oases are, of course, different from the situation pre¬ 
sented by Messrs. Higgins and Wild, which was to apply field 
to a unit whose field current supply had been interrupted 
entirely; however, these experiences confirm in my mind the 
opinion that there is no inherent hazard in restoring normal 
field strength to an alternator which is out of step but still 
running somewhere near synchronous frequency. 

D. D. Hid^inss, The thought the authors had in mind was 
not “what will happen if the field switch is opened,*' but rather 
“what^will happen when it is closed.*’ We know there is no 
reason for operating a generator unexcited and that there are 
very good reasons for not operating it so. At least there is one 
case in which the end wedges in the slots became overheated and 
were deformed by centrifugal force after some time. The rates 
of heating of various parts were carefully considered before the 
tests were made. 

Inspection after the tests showed no visible defects had resulted 
during the tests lasting from one-half minute to three minutes. 

The opening of a field switch is distinctly something the 
operating engineers do not want to happen, but which, never¬ 
theless, does happen from time to time, possibly not oftener than 
once in five years. 

These tests have given us information upon which we can 
confidently proceed to reduce immediately a case of major 
trouble to a simple operation and restore normal conditions in 
a minimum time. 




Calculation of Synchronous Machine Constants— 

Reactances and Time Constants Affecting Transient 

Characteristics 

BY L. A. KILGORE* 

Associate, A. I. E. E. 

Synopsis.—Recent advances in the theory of synchronous lation is discussed in which the reactances are accurately resolved 
machines have introduced a large number of new constants. The into components. Comparisons of test and calculated values are 
method of symmetriecd components requires sequence reactances, given. The formulas for salient-pole machines and turbine 
and an accurate theory of transients requires transient and sub- generators are given in Appendixes A and B. 
transient reactance and time constants. Most of the published The principle of superposition is applied to resolve accurately 
discussion on the constants has been concerned with the applicalion, the reactances into components which can be readily calculated, 
rather than the calculation of values. The induced currents in the field owd additional damping circuits 

In this paper, cdl of the most significant constants are ccdculaied, are accounted for simply by applying the constant interlinkage 
except the subtransient time constant. A general method of ccdcur theorem. 


I. Inteoduction 

NTIL recently, the theory of synchronous ma¬ 
chines has required relatively few constants. A 
single value of reactance, (usually called armature 
leakage) was used to calculate the initial short-circuit 
currents, and standard decrement curves used to 
determine the decay. Recent advances in theory have 
introduced a large number of new constants. 

The method of symmetrical components* applied to 
single-phase, short-circuit calculations requires negative- 
sequence reactance (xj) and zero-sequence reactance (Xa), 
as .well as the positive-sequence reactances, which 
depend on the condition of application of current. 

An accurate theory of transients* recognizes a sub- 
transient (rapidly decaying component due to currents 
induced in additional damping circuits), as well as a 
transient component of symmetrical armature current. 
This requires several (positive-sequence) reactances, 
the subtransient reactance {x/), the transient reactance 
(Xd) and a synchronous reactance (Xd). The rate of 
decay of the transient components of currmit is deter¬ 
mined by time constants. The time constant of the 
as 3 nnmetrical component is termed the armature time 
constant (To). The time constant of the rapidly decay¬ 
ing component of symmetrical current is the sub¬ 
transient time constant {Td"), and the time constant for 
the main transient component of current is the transient 
time constant (Td'). 

As a reference, it is desirable to use the time constant 
of the field, which is called the open-drcuit transient 
time constant {Tdo). 

A most complete solution®*'' may require resolution 
of currents into a direct-axis component (reacting 
directly on the main field axis), and quadrature-axis 

*Po'wer Engineer, Westinglioiise Eleo. and Mfg. Co., East 
Pittsburgh, Pa. 

9. For references see Bibliography. 

Presented at the Summer Convention of the A, I. E. E., Asheville, 
N. C., June SS-S6, 1981. 


component (reacting on the axis between poles). 
Where the constants are quite different in the two 
axes, this method reqxxires quadrature-axis constants: 
(x„ x/ and in some eases x,', T/ and T,"), as well 
as the corresponding direct-axis constants (** «/, 
x/, Td', and T/), described above. 

These new methods consist essentially in resolving 
the actual currents and voltages into their essential 
components, and defining a sufficient number of con¬ 
stants to determine the initial and final values and the 
rates of decay. • These constants have all been defined 
in other papers;**'**’® however, since the gaieral 
method of defining the reactances is vital to the method 
of calculation, it is well to state it here. The reactance 
of a synchronous machine is the ratio of fundamental 
reactive armature voltage produced by the given 
component of armatme current applied to the value 
of that component of current at rated frequency, and 
with the rotor running at synchronous speed. 

These theories have been developed on the basis of 
no saturation, or at least assuming fixed permeability, 
but in practical calculations the effects of saturation 
cannot be neglected. These effects are most readily 
dealt with in most cases by modifying the constants. 
The effects of saturation on each of the constants is 
discussed in the companion paper'. It is shown that 
for most practical purposes, only one value of each 
constant is necessary for a machine. Except for the 
synchronous reactances and open-circuit time con¬ 
stant, the final values calculated will be , the “saturated 
values,” corresponding to the currents obtained on 
sudden short-circuit from full voltage. 

Most of the published discussion of these constants 
has been concerned with the application, rather than 
the calculation of the values. However, all designers 

♦Proposed definitions of these constants are included in a 
report of the Transmission and Distribution Committee of the 
A, I. B. E. This report, which was prepared by Prof. G. Dahl, 
will be presented at the Winter Convention, New York, N. Y., 
Jam 25-29,1932. ‘ 
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of large synchronous machines have had to meet this 
problem of calctdating the constants, and tho^ who 
use them are interested in how well they can be cal¬ 
culated. 

A recent paper* treats armature leakage reactance 
quite thoroughly, but does not cover the other con¬ 
stants. Another* describes an accurate method of 
treating synchronous motor constants by constructing 
a complete equivalent circuit. In this paper, formulas 
are developed for calculating the following constants: 
** *». Xd', Xd", »/, * 2 , Xo, Tdo', Td' and To. This 
includes all of the more important constents, except the 
subtransient time constant (T/Td"), which can be esti¬ 
mated ftom the test values given in the companion 
paper.* The quadrature transient reactance (*,0 is 
not included, since it is quite commonly assumed equal 
to Xd', in short-circuit calculations. 

II. General Method of Calculation 

To calculate any of the reactances as defined, it is 
only necessary to determine the fiux produced by the 
component of current applied in the given manner, and 
to calculate the resulting armature voltage. The 
resultant field of flux may be complicated, but by 
applying the principle of superposition,* the resultant 
fields can be resolved into components which can be 
more readily calculated. 

Components of Reactance. It is convenient to divide 
all the positive-sequence reactances into two com¬ 
ponents, one of which is the armature leakage (xi) 
defined in a definite manner. The sjmchronous re¬ 
actance is then the sum of the armature leakage and 
the reactance of armature reaction: Xd = Xt -1- Xad 
for the direct-axis, and *, = at -h for the quadra¬ 
ture-axis. The reactance of armature reaction (* 0 ^) 
is defined as the reactance due to the space funda- 
mfflital of air gap flux produced by the armature current 
acting alone. 

The unsaturated transient reactance (Xd„') is calculated 
as the sum of the armature leakage and an “effective 
field leakage” {xf'): (xf) is not the true leakage of 
the field with respect to the armature, but is a definite 
component of the total leakage of the armatinre with 
respect to the field. The satuiated value of the tran- 
aent reactance (*^0 is calculated by multiplying the 
unsaturated value (Xdu') by an empirical constant 
(Fs(), determined from test in the companion paper* 
as 0.88. 

The subtransient reactance is calculated as the sum 
of the armature leakage and the “effective” damper 
winding leakage: Xd" = xi -f x'^d, and x/ = Xj -f- xd*'. 
Xod' and xdb' are components of the total leakage of 
the armature with respect to the damper winding deter¬ 
mined by assuming no net change of interlinkage with 
any of the damping circuits. 

Armature Leakage Reactance Defined. Several recent 
writers* have treated armature leakage as an arbitrary 
component of tiie synchronous reactance. The defini¬ 


tion might be stated as follows:. The armature leakage 
reactance is the reactance due to the difference between 
the total flux produced by the armature current acting 
alone, and the space fundamental of the “flux in the 
air gap.” To make this definition as useful as posable, 
the flux in the air gap will be tmderstood to include the 
fringing flux at the ends which enters the rotor, ance 
this is voy nearly the component of the end leakage 
field which is mutual with the rotor circuits. For 
turbine generators with magnetic retaining rings, the 
end zone flux entering the retaining ring surface should 
be included in the end leakage, and not in the air gap 
flux. 

Defined in this way, the armature leakage can be 
shown to be very accurately a component of all the 
positive-sequence reactances. This may be seen from 
the fact that the fundamental flux in the air gap is 
determined almost entirely by the space fundamaital 
of the m. m. f., and that the remaining component 
consists only in slot and end leakage, and harmonic 
fluxes in the gap which are not appreciably affected by 
the condition of application of current. The effects 
of saturation on the armature leakage are generally 
negligible, except for the increased end leakage due to 
magnetic retaining rings in turbine generators. 

Form of the Results and Formulas. The most useful 
forms for expressing the reactance coefficients are per 
cent and per unit, on a machine kva. base. In this 
paper, per cent notation is used, since this is the form 
most generally adopted when specifying the values of 
reactances. The time constants are given in seconds. 

The reactance formulas must, of course, involve 
either directly or indirectly the armature turns, the 
frequency, and certain dimensions of the machine. The 
actual form of the equation makes considerable differ¬ 
ence in the usrfuhiess. Some writers have used the 
conception of effective permeance per unit length of 
slot, and others the permeance per phase belt per unit 
of leiigth. In extending these conceptions to the 
calculation of all the reactances, it was found desirable 
to change the conception to a permeance per pole par 
inch of length, since ihe flux across the gap is most 
conveniently visualized as a flux pra* pole. 

All the component reactances may be calculated as 
a product of a reactance factor (X), and a specific 
permeance (X) for the given component, multiplied by 
flux distribution coefficients when necessmy. 

The specific permecmce (X) is defined as the effective 
flux per pole per indi of core length produced by unit 
ampere turns per pole. 

The reactance factor (X) used here is a group of terms 
common to all the reactance formulas, but it is chosen 
in such a way as to have a definite physical significance. 
It is the per cent reactance for unit specific permeance, 
or the per cent of normal voltage induced by a funda¬ 
mental flux per pole per inch numerically equal to the 
fundamental armature ampere turns at rated current. 

The reactance factor can be written in several ways. 
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In terms of the turns, frequency and rated phase voltage 
and current, this factor can be shown to be: 

X = 100%^-^)/ ^ m p [9(“^) 

The factor can be ejcpressed in terms of the ratio of 
effective ampere conductors per inch (A kp) to the 
fundamental air gap density (B 0: 


X = 




This is very useful if the effective ampere conductors 
(A kp) and air gap density (Bg) are thought of as 
fundamental quantities in detign, the ampere conduc¬ 
tors per inch being a measure of current loading, ^d 
the air gap density a measure of the magnetic loading 
of the machine, 

The chief advantages of this method are that it ex¬ 
presses the reactances as products of two factors, a 
specific permeance which involves only the proportions 
of the machine, and a reactance factor which is a simple 
function of the fundamental quantities of design. 
This makes it possible to see at a glance the effect of 
/•Vianging any of the proportions or factors. Also, it 
simplifies the work of calculation. 

CalcidaMon of Time Constants. The open-circuit 
time constant of the field may be calculated as the self 
inductance of the field (in henrys) divided by the field 
retistance in ohms: 



The short-circuit transient time constant is calculated 
as: 



It is shown' that using the saturated value of acd' in 
this relation gives a good approximation to the effective 
saturated value of T/. 

The armature time constant (To) is the time constant 
of the asymmetrical component of armature current 
which is due to the flux, trapped by the armature wind¬ 
ing at the instant of ^ort circuit. The effective re¬ 
actance to the average asymmetrical current is the same 
as for negative-sequence current (xa), and the resistance 
is the d-c. armature resistance (Xa) in per cent-. Hence, 


“ “ 2 7r/ra 


IIL COMPAMSON OP Test and Calculated Values 

The formulas of Appendixes A and B have been 
checked by the numerous tests described in the com¬ 
panion paper.' Tables showing the tests and cal¬ 
culated values are given below. Most of the test 
values were obtained from special sudden short-circuit 
or locked tests, as indicated in the tables. The syn¬ 
chronous reactance (Xd) can be obtained from the com¬ 
mercial tests, hence a great many more checks on the 
synchronous constants have been obtained than those 
listed below. Also certain otiier special tests' were 
made to determine the effects of saturation, but will 
not be included here. 

Table I gives the results of sudden short-circuit tests 
on salient-pole machines. Table II shows the results 
of locked tests obtained on other salient-pole machines 
with dampers, and Table III shows the results of 
gimilar tests on machines without dampers. Table IV 
^ows the results obtained from sudden short-circuit 
tests on turbine generators. 


TABLE I—CONSTANTS OP SALIENT-POLE MAOHINBS; COMPARISON OP TEST AND OALOITLATED VAIjUES 

Data from Three-Phase Short-Olmilt Tests 
All x*8 Are Per Cent Values All T*8 Are in Seconds 


Kva. 

5,000 

Kind... 

.. Gen. 

Frequency.. 

.. 60 

Volts. 

. .7,600 

R. p. m. 

.. 900 


100 

Gen, 

60 

2,300 

1,200 


. 760 

30,000 

20,000 

Oond. 

15,000 

No hamper 

H. W. G. 

Oond. , 

Oond. 

25 

60 

60 

60 

6,600 

6,000 

11,000 

11,600 

187.5 

720 

,720 

900 


331 

240 

% error 

Motor 

Motor 

Max. Avg 

60 

60 


440 

2,200 


1.200 

277 
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TABLE 11 CONSTANTS OP SAHENT-POLE MACHINES; COMPARISON OP TEST ANB CALCULATED VALUES 


-—4. caiio 

All x*8 Are Per Cent Values 
Machines With Dampers 


Kva. 

Kind 

Frequency 

Volts 

R:p. m. 

7,000 

W.W.G. 

60 

3,000 

W.W.G. 

so 

30,000 

Cond. 

7.S00 

Oond. 

60 

4,800 

720 

7,500 

Oond. 

60 

4,000 

900 

1,000 

Oond, 

30,000 

Motor 

30,000 

Cond. 

22.600 

Cond. 

15.000 

Cond. 

5,000 

Cond. 

1,250 

Oond. 

60 

480 

1.200 

% error 

6,600 

450 

6,600 

750 

13.600 

720 

60 

2.300 

900 

50 

11,500 

600 

60 

6,000 

720 

60 

12,600 

300 

60 

11,950 

900 

60 

12,470 

900 

Max. 

Avg. 

xd test 
calc. 

97 

96 

160 

160 

170 

170 

175 

180 

145 

150 

160 

160 

78 

80 

170 

170 

120 

120 

156 

165 

170 

175 

190 

200 

6.3 

2.0 

test 

calc. 

26 

25 

16.5 

17.0 

23 

24 

24 

23 

21 

20 

18 

18.5 

13 

13 

20 

21 

29 

27 

20 

18.6 

27 

25 

23 

22 

7.5 

4.6 

X 2 test 
calc. 

25 

23 

16 

16 . 

20 

22 

23 

22 

19 

19 

16 

17 

12 

12 

18 

18.5 

28 

27 

19 

18.5 

27 

25 

22 

22 

10.0 

3.7 

xo test 
calc. 

14.5 

13.5 

3.60 

3.45 

11.0 

11.5 

12.0 

13.0 

3.0 

2.45 

6.55 

3.0 

3.95 

7.2 

8.2 

15.5 

18.0 

3.1 

2.8 

4.4 

3.9 

8.0 

31.7 

12.6 


TABLE in-OON8TANTS OF SALIENT-POLE MACHINES; OOMPABISON OP TEST AND OALOITLATBD TA1.IJES 

I >A.riA. TYVkm w-m* 


Machine Without Dampers 


Kva. 

Kind. 

Frequency.. 

. QO 

.7,000 ... 

.W.W.G.... 

...W.W.G... 
. 60... 

.2,330 .. 

.W.W.G... 

.. .30,000 . 

... Gen. 


- 730. 

.... Motor. 


% error 

Volts. 



. 50 ,. 

60 . 


.... 60 


Max. Avg. 

R. p. m. 

. 600... 

.6.600 .. 

..11,600 . 

.. 600 . 


....2,300. 

....1,200. 


xd test... 

calc.. 



. 136... 

. 135..., 

- 116 ... 

- 115 ... 

.. 115 .. 
.. 120 . 

. 94. 

. .. 130. 

... 136. 

.. 4.2. 


zdu* test... 
calc... 

. * 44 

. 43 ... 

. 37.... 

. 38.... 

- 46 ... 

. 44 ... 

33 .. 

35 .. 


... 30. 

... 30. 

.. 6.0. 


X 2 test... 

calc.,. 

. 58 

. 60 ... 

. 62.... 

. 60..., 

- 65 ... 

- 60 ... 

58 ., 

62 .. 

. 65. 

. 57. 

... 65. 

... 63. 

..10.3. 


Xc test... 

calc..., 

. 26 

. 26.6 

. 24 .... 


- 24 ... 

- 21.6... 

9.3.. 

8.5.. 



..10.4. 

.6.7 



It be seen that the agreement between test and 
calculated values is quite good, except that in a few 
cas^ where ^e value of the zero-sequence reactance is 
qmte smll the per cent error is fairly large. Also, the 
calculated v^ue of armature time constant in a few 
eases is considerably higher than the test value. This 
may possibly be due to ©sternal resistance in the arma¬ 


ture circmt or breaker contacts, for the armature re¬ 
sidence is so low that a very little external resistance 
will appreciably alfect the time constant. 

rv. Conclusions 

A general method has been given for calculating the 
constants of ssmchronous machines affecting the tran- 
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sient characteristics. In Appendixes A and B formulas 
have been given for all the more important constants, 
except the subtransient time constant. Comparison 
of test and calculated values shows that they give suf¬ 
ficiently good results over a wide range of types and 
sizes. 

The formulas are based on a physical conception of 
the actual currents and flux fields involved. An attempt 
has been made to obtain simple formulas for design 
calculations, and still retain all the most significant 
factors, so that the formulas will cover a wide range of 
t 3 T)es and sizes of machines. The formulas are definitely 
limited to the usual two-layer type of winding. Only 
laminated-pole salient-pole machines, and solid rotor 
turbine generators are considered. The methods used 
can readily be extended to cover other special cases. 

The general method of resolving the reactances into 
components has advantages both in calculating and in 
visualizing the flux fields involved. The method of 
expressing the component reactances as a product of a 
reactance factor, and specific permeances and flux 
distribution coefficients for the several components, has 
been found very useful. 
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Appendix A—Formulas for Salient-Pole 
Machines 

1. Armature Leakage Reactance { xi ) 

Slot Leakage. Complete fonuulas have been given* 
for calculating slot leakage, derived by assuming the 
flux to go straight acro^ the slot. With good approxi¬ 
mation, Mr. Alger showed that the “slot constant" 
(effective permeance per cm. of slot) could be calculated 
as 


I. f . Al 
' 6. 36. 


and kx could be determined as 

Sy 

m q 


( 

nil 

t( 


> 


+ 1 


) 


for three-phase, and as ( | for two-phase. 

\mq / 



Fig. 1—Reduction op Slot Reactance Dub to Chording 

kx — factor for positive- and negative-sequence reactance 
kxo *» factor for zero-sequence reactance 


These results expressed as a specific permeance give: 


r hi 

hi 1 

L 6, 

+ 36. J 


where 

Q _ _ 

See curves of Figs. 1 and 2. 

Tooth Tip and Zig-Zag Leakage. In the paper 
referred to above, formulas were given for belt and 
zig-zag leakage, due to flux produced across the gap by 
the harmonics of armature m. m. f., but these did not 
include any increase in leakage due to flux going from 
tooth to tooth. In the following development, the 
principle of superposition is used to establish anaccurate 
basis for calculating all of these components. 

The total resultant field of flux, (within the core 
length) produced by the armature current may be 
accurately resolved into components produced by two 
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ima^nary sets of currents which, when superposed, 
give only the real current. The first component is due 
to a set of currents flowing on the armature surface, 
eadi uniformly distributed over a slot pitch and equal 
to the current in tije slot; the second component is 
that due to a set of currents flowing in the conductors 
and returning uniformly distributed over the slot pitch. 
The m. m. f. due to the first set of imaginary currents 
may be analyzed as a fundamental and harmonics. 
The fundamental of this m. m. f. produces the funda¬ 
mental flux; and the harmonics produce the belt leak¬ 
age, which is due to the concentration in a flnite number 
of phases. The second set of currents produces the 


slot, tooth tip and zig-zag leakage Adds. 



portion of the current of one slot, which returns over a 
half tooth width on each side, produces a field as shown 
in Fig. 3. 



0.4 0.5 0.6 0.T 0.8 0.9 1.0 

COIL THROW AS A FRACTION OF FULL PITCH 

Pig. 2—Slot Lhakagb Pactob (Ca) 


A number of such plots shows that the effective per¬ 
meance per cm. of slot (not included in the slot leakage) 
may be approximated as 


8 


-1-0.35-^ 

T, 


]• 


TJring an average value of 


h 

r. 


0.56, it reduces to 


harmonics^ can be shown to be 0.002 Xad for three-phase, 
and 0.016 x^i for two-phase. (This was derived assum-' 
ing a uniform gap and no damping.) For a smaller 
ntimber of slots, these formulas are not very accurate, 
but they are sufl&ciently good since the value is small. 
The case of fractional slots per pole is difficult if a com¬ 
plete solution is desired. However, the unbalance in 
m.m.f. resulting from fractional slots is kept to a 
TTH'nirTm m , and the additional reactance may be neg¬ 
lected in normal machines. 

Expressing these results as a specific permeance, 
and asRiiTniug that tiie two-phase leakage varies with 



Pig. 3a—Tooth Tip Lbakaqb Pield Dub to Dipperbntial 
Current—Large Air Gap 



Fig. 3b—Tooth Tip Leakage Field Dub to Differential 
Current—Small Air Gap 



0.2 + 0.07 



This includes the tooth tip and the so-called zig¬ 
zag leakage. 

It is convenient to calculate a spedflc permeance 
for the slot tooth tip and zig-zag leakage combined: 


X. = C, 


20 

mq 


[ hi hi 

~br 


-f 0.2-1- .07 


bt 


(la) 


Belt Leakage. As defined, the belt leakage is due to 
the harmonics of armature m. m. f., determined by uni¬ 
form current distribution. For a full pitch winding, 
where the slots per pole per phase (?) are integral and 
large, the reactance calculated by summing up the 


chording in the same way as that part which is due to 
the third harmonic: 

Xb = 0 (negligible) for three-phase; 

r y 

Xb = 0.096 for two-phase (2a) 

P9 kp -■ 

End Winding Leakage. The end leakage formula 
presented h«'e is essentially the same as that developed 
by Mr. B. G. Lamme. Professor Alfred Still has re- 
. cently published a paper* in which he develops a formula 
on the same basis. 

The method refored to consists in treating the end 
winding leakage as a revolving field in air. The pres- 
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ence of the iron is neglected in the derivation and, if 
necessary, an empirical correction is applied to the 
result. Iioth Messrs. Lamme and Still assumed that 
the flux went from pole to pole without spreading out 
axially. Further, in order to integrate the flux, each 
assumed that the flux paths were arcs of circles. 

Ihis method of analysis can be carried one step 
further by using the exact solution® for a sinusoidal 
in. m. f. distribution in air, assuming a two-dimensional 
field. The exact solution gives the very simple result 
that the field is sinusoidally distributed, and the flux 
per pole per inch is 3.19 times the fundamental ampere 
turns. 

"I'he pitch of the winding for the straight coil exten¬ 
sion (l.i) is the same as for the gap, but it drops off to 
zero at the end of the coil. An effective length 1/2 (h) 
will be used as in Lamme's formula. 

The end winding field is not truly a two-dimensional 
field as assumed, but spreads out axially. This effect 
was investigated further by making approximate plots 
of the three-dimensional field in the several views. 
The increased leakage due to local flux closing about the 
individual conductors was calculated by resolving the 
field into components in a manner similar to that de¬ 
scribed for the tooth tip leakage. It was found that 
these factors, although small, are not negligible, and 
may be approximately accounted for by a constant 
factor 1.25. 

Kxpres.sed as a specific permeance, the end winding 
leakage is (1.25). (3.19) times the ratio of effective end 
winding extension on both ends, to the core length 
X,. = 4/1 (2 let + lei) (3a) 

The armature leakage reactance is calculated as the 
product of the reactance factor (_X) detamined by 
equation (1) or (2), and the specific permeances, 
equations (la), (2a), and (3a). 


ampere turns (Cm) is the ratio of fundamental air gap flux 
produced by the fundamental of armature m. m.f. to that 
produced by the field for the same maximum m. m. f. 
Cdi is the ratio of the fundamental air gap flux produced 
by the direct-axis armature current to that which would be 
produced with a uniform gap equal to the effective gap over 
the pole center. Cgi is the corresponding coefficient for 
the quadrature-axis. 

All of these coefficients may be determined by ac¬ 
curate flux maps, but it is often more convenient to use 
formulas, except for and Ci. These two constants 
are determined directly or indirectly in almost any 
design procedime, by lasdng out the field form either 
from a flux map or other accurate method. 

A formula for Cm may be derived assuming the flux 
to go straight across a uniform gap over the pole face. 
The formula is much more accurate than might appear 
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Xi = X(X/ -f- X« -|- Xb) (4a) 

II. Reactances op Armature Reaction. (*„* *„,) 
AND Synchronous Reactances (xa, *«) 

'I'he specific permeance of the air gap (X„) is most 
conveniently determined on the assumption that the 
gap is uniform, and the actual flux distribution may be 
calculated by the use of flux distribution coefficients 
given below. The effective gap (g') is determined by 
multiplying the actual gap (g) by Carter’s coefficients 
for stator slots and vents, and by a reduction factor 
for end fringing flux. 

( 2d \ 


as ae oj as 0,9 1.0 

POLE EMBRACE (a): 

. RATIO OF POLE ARC TO POLE PITCH 

Fia. 4—^Priux Dtbtribtition Cobppicibnts por SAiiiBNa^PoLB 
Machines Cm and ft/i 

from the assumptions stated, since the fringing and 
increase in gap at the pole tip affect both quantities in 
the ratio about equally. This formula was checked by 
accurate flux plots on a wide range of pole shapes from 
4 to 88 poles. 

ar -f- 4 sin a T\ 

~ 

4 sin a - / 

2 ' 


The flux distribution coefficients used here are defined 
as follows: Ciisthe ratio of the fundamental to the actual 
maximum value of the field form. (The field form is the 
wave of flux density due to the field only.) The ‘*pole 
constant” (Cp) is the ratio of average to maximum of the 
field form. The ratio of equivalent field to armature 


Where a is the pole embrace. See curve. Fig. 4. 

From the definition of Cm> it may be seen that 
Cm == Cii/Ci. Having determined Cm and Ci as 
described above, 

Cdi = Cm C\ (7a) 

An approximate formula for C^i may be derived on the 
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assumption that the flux goes straight across a uniform 
gap over the pole face. 





sin a TT I 


The side leakage expressed as a speciflc pomeance 
based on the above assumptions is: 


Xp* = 


(3.19) 


£ 3 (fefc +g — -055 Tr) 
3[ (.Tr-bn) 


making some allowance for end fringing and an average 
increase in gap at the pole tips, a modified formula was 
obtained which checked sufficiently well with the soies 
of flux plots mentioned. 




r 4^ + 1 

L 5 


sin a TT 

X 


] 


(8a) 


The flux distribution coefficients which have be«i 
designated here as Ci, Cn and C^i can be calculated for 
a particular pole shape from the curves given in a paper“ 
by R. W. Wieseman. 

Reactances of armature reaction may be calculated as: 
Xod ~ ^ Odi X« Xaq ~ X Cqi Xo (3a) and (10a) 

As an alternate method: may be calculated from the 

gap ampere turns Mg and the demagnetizing ampere 
turns (Mm = Cm Ma). 

Xad = 100% Xaa = Xad (Ha) aud (12a) 

Synchronous reactances are calculated simply as the 
sum of armature leakage and reactances of armature 
reaction: 

Xd=^Xi + Xad Xq == Xi + Xaq (13a) and (14a) 


HI. Field Leakage and Transient Reactance 
The transient reactance is actually the total leakage of 
the armature with respect to the field (assuming no 
additional damping circuits). As explained in Sec¬ 
tion II of the paper, it will be calculated as the sum of 
two arbitrary components, the armature leakage (xi) 
and an effective field leakage 
The specific permeance for field leakage (Xf) will be the 
side and end leakage flux per pole per inch for unit field 
ampere turns. The side leakage flux per inch may be 
deteftnined accurately by a flux map for the field only, 
similar to those shown in Fig. 1 and Fig. 50 in a series of 
articles® by J. F. Calvert. Each element of flux is 
multiplied by the fractional part of the turns linked. 

It is often more convenient to use an approximate 
formula. The following formula was derived assuming 
that the flux goes straight across the interpolar space 
(at right angles to the center line between poles), 
except near the armature surface where the flux is 
assumed to go straight across half way from the pole 
head to the center line between poles, and then to spread 
out so that the upper boundary intersects the armature 
surface and the center line between poles at 46 deg., as it 
should theoretically. A further correction was made to 
allow for the shortening of the path of part of the flux 
which terminates on the under side of the pole tips. 


hfi + 3 fe/2 + 0.1 Ty ^1 — p ^ 

- (dy — 2 — 0.4 ft/i) hp 

P 

This may appear rather long, but it will be noted that 
it is expressed directly in the main dimensions of the 
pole, and does not require a pole layout. This formula 
was found to check well with the results obtained by 
flux maps on a wide range of pole shapes for machines 
from 4 to 88 poles. 

To determine the end leakage field, a number of two- 
dimensional flux plots was made in two views, which 
show the flux which fringes from pole to pole and the 
flux which closes about the field coil ends. The resul¬ 
tant field is obviously not two dimensional, but an 
approximate formula baded on these plots should be 
sufficiently accurate. 

( 16 .) 

The specific permeance for the effective pole leakage is: 

Xf =* Xfb + Xpc (17a) 

The effective field leakage reactance (*p')> which 
added to armature leakage (xj) gives the transient re¬ 
actance, may be calculated as follows: With unit funda¬ 
mental armature ampere turns suddenly applied on 
the direct-axis, an initial fidd current (I/) will be 
induced of such value that the net interlinkage with the 
field produced by both the armature and field currents 
is zero. The interlinkage (per inch) produced by the 
armature current is 



(-^ Cx X.) N„ 
and by the field current 

Np If ^ 2 “I" 


hence 


Nplf 


L -iiL C, X„ -1- Xp -I 


The net fundamental air gap flux (per inch) produced 
by both armature and field is then 
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X«- 


Ci* X„* 


■ Cp Xo “I" Xp 


-] 


The effective field leakage is: 


SJf' 


-4 


Cdl Xa — 


= aicd 


T 

~r 


Oi* Xa* 


TT 


■Cp Xa + Xf 


T Cl 

4 C™ 


n A. 

~n~ ^- 


■] 


(18a) 


The unsaturated value of tra/nsient reactance is: 

Xdu = xi + xv' (19a) 

The salurated tra/nsient reactance (xa) is detennined by 
multiplying by an empirical factor The test 

results described in the companion paper^ indicate that 
this factor may be taken as a constant F,t * 0.88, with 
sufficiently good results on normal machines. 

Xi' = F»t . Xdu' (20a) 

IV. Damper Winding Leakage (aib/, xo ^') and 
Subtransient Reactances (*/', a:/) 

The initial flux set up by suddenly applied direct-axis 
armature cuirent is limited by the damper winding. 
The flux maps of this field were constructed on the 
assumption that there is no net change of interlinkage 
with any of the damper winding circuits. The field is 
quite complicated, but it was foimd that the funda¬ 
mental flux could be calculated with fair approximation 
from the permeances of the main parts of the flux paths. 
Approximately 


[ 


COS 


(y^& — 1) Th 
Tr 


TT 

2 


] 


part of the armature m. m. f. acts across the field, leak¬ 
age permeance (Xp) in series with the permeance of the 
end damper bar (Xi) combined in parallel with the 
permeance of the gap over the pole tip (kpt). 

X. = 6.38 (o.5 + -^ + (21a) 

Where 0.6 is an approximation to the tooth tip perme¬ 
ance per cm. of damper slot. For round bars, use 0.62 

instead of 

o Obi 

Using an average increase in gap at the pole tip: 

^ r hh - Ti(nb - 1) 1 

Xp* —6.38j^ g J (22a) 

Although the flux is not sinusoidally distributed under 


these conditions, the distribution is such that the total 
flux is a good approximation to the fundamental. Com¬ 
bining these permeances and multiplsring by the frac¬ 
tional part of the ampere turns acting, the resultant 
formula for the specific permeance is: 


Xoi 





(\b -f- Xp{) . Xp 1 
Xfc Xp* -1- Xp J 


(23a) 

x'od — X Xdi* (24a) 

The direct-axis svbtransiemt reactance (x/) of a 
machine with a damper winding is calculated as the sum 
of the components (4a) and (24a): 

Xd" = Xi -i- Xod' (25a) 

For a machine without dampers: 

Xd — Xd^ . (26a) 

The quadrature-axis damper leakage is determined on 
the same base. In this case, the flux goes tangentially 
down the gap and across the damper bar slots. The 
effective permeance per cm. for one slot is 



The part of the fundamental ampere turns acting across 
one slot is 



and the flux is very nearly sinusoidally distributed; 
hence. 





+ 



+ 


Tb 


] 


(27a) 


In this case, the dimensions of the slot and bar in the 
pole center should be used. The effective damper 
winding leakage is: 

Xjiq^ — X (28a) 

The quadrature-axis siibtransient reactance (Xq") for 
machines with dampers is calculated as the sum of the 
components (4a) and (28a): 

Xq" = Xj -t- XDq' (29a) 

For machines without dampers (12a) or (14a): 

Xq" = Xq (30a) 


V. Negative Sequence (xa) 

As explained in Section II, the negative sequence 
reactance may be calculated as the average of the sub¬ 
transient reactances. 

= *2 + *«*') (31a) 


VI. Zero-Sequence Reactance (x<,) 

Since the zero-sequence currents are all in phase, the 
fundamental m. m. fs. of the three phases cancel out, 
and there is no appreciable fundamental flux across the 
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gap. Hence, it consists in a slot and belt leakage, with 
a small belt leakage in the end windings. Mr. Alger* 
has derived a factor for the effect of chording on zero- 
sequence slot reactance. This factor will be designated 
here as fc»«. See curves. Fig. 1. The specific permeance 
for slot and tooth tip leakage can be shown to be: 


r / ^*0 \ / 20 \ / hi + 2 hi \ 1 

= L VXV V mqk/k/ M 12 6. 7 J 


The unsaturated value of the (short-circuit) transient 
time constant can be shown to be exactly 



Testsi show that a good approximation to the saturated 
value may be had by assuming the tranaent time con¬ 
stant to be reduced by the same factor as the transient 
reactance; hence: 


(32a) 

For machines with a damper winding, the belt leak¬ 
age flux over the pole face is restricted in the same man¬ 
ner as the quadrature subtransient reactance flux. 
Neglecting the reluctance of the flux path across the 
gap, the specific permeance for a full pitch winding 
would be Xd*, equation (27a). Since this leakage varies 
with the throw in very nearly the same manner as tiie 
slot leakage, it may be written: ■ 

Xbo = (33a) 

For machines with no dampers, the effective per¬ 


meance per cm. of phase belt would be gg g/ > 


winding was full pitch and the gap was uniform, 
pressed as a specific permeance, this would be 


20 

m fcd* 



^0.1 X„, 


Ex- 


but it should be reduced by about 0.7 for an average 
pole embrace. To take into account chording, it may 


be multiplied by 



Hence, for machines with 


no damper winding: 

Xbo = (.07 \a) (34a) 

In the end windings, the fundamental m. m. fs. 
cancel, but the local flux about the phase belt is equiva¬ 
lent to about 0.2 of the positive sequence end winding 
leakage. The zero-sequence reactance will be cal¬ 
culated as the sum of the slot, belt, and end leakage 
components: 

Xo = X{\io + Xb* -|- 0.2 Xe) (35a) 
VIL Time Constants (Tdo')i (Ta’), (r„) 

The self inductance of the field in henrys is 

Lf = N,* p i 10-® C„ X. + Xp). 

As explained in Section II, the open-circuit time 
constant may be calculated as a ratio of L/ to the 
resistance of the field (i?p); the re^tance (B/) should 
be the value in ohms at 75 deg. cent. 

(36a) 


Ta' = 


Xg' 

Xg 


Tgo' 


(37a) 


The armature time constant may be calculated as 
explained in Section II: 


Ta 



(38a) 


Wh^e Ta is the d-c. armature resistance in per cent at 
75 deg. cent. 


Appendix B—^Formulas for Turbine 
Generators 

Due to the differences in construction, many of the 
formulas for turbine generators are different from those 
for salient-pole machines, but most of the conception 
involved are the same. Hence, only the differences in 
the formulas will be discussed. 

I. Armature Leakage { xi ) 

The reactance of armature reaction of turbine 
generators is calculated by assuming the flux to go 
straight across the gap. Therefore, it is necessary to 
include the fundamental flux going tangentially in the 
gap as a part of the armature leakage. This component 

g 

is most conveniently accounted for by adding to 


the permeance per cm. of slot. The specific permeance 
for the embedded portion is then: 




+ + 2 r. ] 


(39a) 


The end winding leakage for machines with non¬ 
magnetic field coil retaining rings is very simile to 
fha t for salient-pole machines, but an additional 
empirical factor of 1.2 is used for the increased axial 
divergence. The formula may be further simplified 
by using average proportions: 


13 d 

pi 


(40a) 


For machi n es with magnetic retaining rings, the 
leakage under steady state conditions is increased by 
the presence of the ring. Under normal conditions, 
the greatest effect of saturation is in the tapered section 
next to the rotor body, and a rough approximation to 
the resultant field may be had by assuming that the 
effect is eqxdvalent to cutting out this tapered section. 


Tgo' = 



I)(*<?cinbt*r lIKjl 
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^Numerous two dimensional flux plots consti*ucted on 
this basis indicate that the increased leakage may be 

accounted for by adding ^ ~y ^ to the specific per¬ 
meance. Hence, for machines with magnetic retaining 
rings, it is necessary to use a different specific penneanee 
for the end winding leakage for steady state conditions: 

X X , 13 d 

= X, H- - (41a) 

Under initial sudden short-circuit conditions, this 
additional leakage path is completely saturated, and 
the increased leakage will be neglected. 

The total leakage reactance for transient and sub¬ 
transient conditions is: 

Xi' = JSf [Xi -|- Xii -f- Xc^l (42a) 

For machines with non-magnetic retaining rings, the 
leakage reactance for steady state conditions is the 
same as (x/) given above, but fora machine with mag¬ 
netic retaining rings: 

Xt = JC (X,- -f- Xjj -f- X,! (43a) 


c,. - [ 1 - - I 7 + --- -- - j J (47a) 

The factor (7/ may be calculated as: 

C,..= [(1-7)-1--3-|,-] (48a) 

The reactances of armature reaction are calculated 
by the same formulas as for salient-pole machines: 
(9a) and (10a) or (11a and 12a); using the coefficients 
calculated by (44a), (45a), (46a), and (47a) given above. 
The synchronous reactances are given by equations 
(13a) and (14a) 

III. Field Leakage and’Transient Reactance 
(xjO Field Leakage Specific Permeance (Xf) 
The rotor slot leakage permeance per cm. is similar 
to the stator, but expressed as a specific permeance 
for the field it is: 


4 (3.19) P rhr«. 


(I 


I 


hr 


~ + 


hri 

Tbr 


-1-0.2+ 


2t„ 


] 


(49a) 


The end leakage was calculated by determining the 


11. Reactances op Armature Reaction (x„a and x„,) , 
AND Synchronous Reactances (x., and x^) 
The flux distribution coefficients may be defined in the 
same way as for salient-pole machines, but a factor 
(Cf) is required in place of the average of the field form 
(C,,). C/ is the ratio of the interlinkage with the field 
to that which would be produced with a uniform gap 
and a concentrated field winding. 

The constants will be calculated assuming the flux 
to go straight acro.ss the air gap. On this basis: 




Ki(). .')■ -Ki.itx DisTuUMiTtoN Cokffjcikntm koh Toiuiinb 

OKNKRATOItH 


4 / Ar, — 1 \ TT 

^ ~ - j COS 7 '2 

See curves, Fig. 5. 

The exact equation for C„, is long, but if the increase 
in gap due to slotting is neglected, a very good approxi¬ 
mation is obtained. 


C 



(45a) 


See curve. Fig. 5. The coefficient Cjiis exactly 




[ 


Kr. 


Kr. 


sm 7 TT 

T 


J 


but it may also be calculated as: 

Cdi — Cm Cl (46a) 

The quadrature-axis coefficient 


flux per pole per inch closing about the coil ends. 
The retaining ring saturation was accounted for by 
assuming the effect equivalent to cutting out the 
tapered section of the ring, as discussed for (X,). An 
approximation based on these assumptions and using 
average proportions was found to be: 


X 


!■'« = 


35 d 
p* I 


(SOa) 


The specific permeance for field leakage is: 

Xp = (Xp, + Xpe) (51a) 

2'he unsaturated transient reactance {XdJ) can be de¬ 
rived in the same manner as for salient-pole machines, 
except that C/ should be used instead of Cp, However, 
for any normal distribution of field turns, a simpler 
solution may be obtained by neglecting the harmonics 
of the turns distribution of the field. Such harmonics 
produce entirely negligible mutual interlinkage, and 
might be treat^ as additional field leakage, but for 
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normal machines this is also negligible. All the flux 
across the gap may then be assumed mutual flux, and 
if the mutual reactance were very high, the fundamental 
ampere turns of the field would equal that of the 
armature. The actual field ampere turns would be Cm 
times the fundamental of the armature, and the 
fundamental flux across the gap required to produce 

4 

zero net interlinkage is- Cm times the actual field 

TT 

leakage. Hence, the true field leakage with respect to 
the armature, expressed as an armature reactance, is: 

Xf ^ X Cm^ (52a) 

TT 

The effective field leakage is the true field leakage (ajy) 
added in parallel with the mutual reactance, which on 
the above assumptions is Xad- 

The transient reactance is determined as for salient- 
pole machines, equations (19a) and (20a). 

IV. Eppbctivb Damper Leakage (xod) and (xog') 

The solid iron and metallic wedges of a turbine 
generator rotor act as an effective damper winding. 
The actual penetration of flux into the solid iron de¬ 
pends on the resultant ampere turns acting and the 
frequency of pulsation. The value of the reactance 
which is effective in the first instant may be approxi¬ 
mated by assuini ng no de^ement and by using the 
maximum ampere turns per inch to determine an 
effective depth of penetration. For most turbine 
generators, the maximum ampere conductors per inch, 
corresponding to initial symmetrical short-circuit cur¬ 
rent, is around 16,000. 

The direct-axis damper leakage is detennined by the 
depth of flux penetration in the rotor teeth and wedges 
under sudden short-circuit conditions. The ampere 
conductors per inch over the center of this section pxil- 
sate between zero and twice the value, due to the sym¬ 
metrical current. The effective permeability at the 
surface, for these maximum ampere turns, is about 2 . 
Assuming this constant throughout, the formula given 
by Steinmetz for flux penetration in deep solid parts 
can be applied. For 60 cycles, the flux penetrates to 
about 0.6 inch, which is equivalent to a path in air of 
depth 5d = 1.2 inches at 60 cycles; (for 25 cycles, rated 
frequency 8d = 1 . 8 ). The direct-axis leakage may be 
still further restricted by the slot. The flux aCTOss the 
slot will be assumed to penetrate to the bottom 
of the wedge. Half of the leakage flux going tangen¬ 
tially in the gap was included in the armature leakage. 
Expressing these relations as a specific permeance: 

3.19 p 

\od = ^ [flf + Sd + ^r2] (5^®) 


The quadrature-axis effective damper leakage de-^ 
pends mainly on the flux penetration in the solid pole 
centCT. The magnitude and frequency of the pulsation 
of ampere turns per inch acting over the pole center 
vary with conditions of short circuit. For a line-to- 
line fault, a double frequency pulsation of ampere turns 
is produced by the symmetrical current and a rated 
frequency pulsation due to asymmetrical current. 
The resulting maximum ampere conductors per inch 
are a little more than half the value used above, but at 
double frequency the penetration is essentially the 
same {d, = 1.2) for 60 cycles (and 5, = 1.8 for 25 
cycles). For a short circuit from load, where quadra¬ 
ture-axis flux is involved, the resultant ampere con¬ 
ductors per inch are about the same as given above for 
the direct-axis, and the effective penetration is again 
6 g. Expressing these relations as a specific permeance: 

3 19 

Xdj = ^ [? “b 2 65 ] (55a) 

The effective damper leakage reactances (ZDdO (^djO 

are calculated as for salient-pole machines, equations 
(24a) and (28a). 

V. SUBTRANSIBNT AND NEGATIVE-SEQUENCE 

Reactances 

The subtransient reactances x/ and x/ may be 
calculated as for salient-pole machines with dampers 
(25a) and (29a). The negative-sequence is deter¬ 
mined as the average of x/ and Xj", equation (31a). 
It will be seen that there is very little difference between 
x/ and x/, and the tests described in the companion 
paper -1 show that they do actually become very nearly 
equal at high currents. For most practical purposes, 
it should be necessary to calculate and test only x/. 

VI. Zero-Sequence Reactance 

For turbine generators, the zero-sequence belt leak¬ 
age may be approximated by using the direct-axis 
damper leakage specific permeance (Xod) reduced by 

kxo * , 

the ratio — for chordmg. 


Xb» = —^ Xod (56a) 

The remainder of the formula is the same as for salient- 
pole machines (32a and 34a): 

Xo = X (\io + Xb. + 0.2 X.0 (57a) 

VII. Time Constants TaJ, Td', and Th 
The self inductance of the field in henrys is: 

Lf = N^^pl 10-« [C/ ( 3.19 + Xp] (58a) 

The open-circuit time constant will be calculated, neg¬ 
lecting damping currents in the solid iron, hence is the 
same as equation (36a). 
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The short-drcxiit time constant Ti' and armature 
time constant (Ta) are calculated as for salient-pole 
machines (37a) and (38a). 

Symbols 

Nora: The symbols for the characteristic reactances 
and time constants are given in the introduction. 
Section I. The symbols for the components of reac¬ 
tance are given in Section II. The symbols for the 
specific permeances and the flux distribution coefficient 
are given as they are defined and calculated in Appen¬ 
dixes A and B. 

For s 3 rmbols representing machine dimensions, see 
also Pig. 6. 



Fig. 6—^Details 


A = ampere conductors per inch (amperes per slot 
slot pitch) 

bii = width of damper bar 

bbi = width of slot above damper bar 

bh = width of pole head 

bp = width of pole 

6r. = width of rotor slot 

b, = width of stator slot 

bt . = width of stator tooth 

B, = air gap density over pole center (at rated 
voltage) 

B 1 = maximum fundamental density at rated voltage 
C = number of parallels in the stator winding 

d — inside diameter of armature (armature bore) 
dr = rotor diameter 

Epu — rated phase voltage (phase winding voltage) 

/ = rated frequency 

F,t = ratio of saturated to unsaturated transient re¬ 
actance (an empirical constant used here as 
0 . 88 ) 

g = actual (single) air gap in pole center 
g' = effective air gap, including increase in gap due 
to stator slots and vents and end fringing 


^61 = depth of damper bar 
hb 2 = depth of slot above the damper bar 
kfi = depth of field coil 
hfi = distance between field coil and pole head 
hri = depth of conductors in the rotor slot 
hr 2 = depth of rotor slot above the conductors 
hi = depth of conductors in stator slot 
^2 = depth of stator slot above the conductors 

hi = distance between top and bottom coil sides 
Iph = rated phase winding current 
hd =7 distaibution factor for stator winding 
kp = chord factor of the stator winding 
kp = reduction of slot reactance due to chording 
kpt = reduction of zero sequence slot reactance due to 
chording 

kr, = Carter’s coefficient for rotor slots 
I = core length (including vent ducts) 
lb = length of dampCT bar 

Iti — extensionofbentsectionof end winding 

le 2 = length of straight section of end winding 
Ih — length of pole head (including magnetic coil 
supports) 

Lf = total self inductance of the field 
m = number of phases 

= maximum fundamental armature ampere turns 
Af* = air gap ampere turns at no-load and rated 
voltage 

= “demagnetizing ampere turns;” field ampere 
turns required to balance armature reaction 
at rated current (zero power factor) 

Ub = number of damper bars per pole 

n, = number of conductors per slot 

Flp = number of field turns per pole 

p = number of poles 

P, = permeance per cm. of slot 

q = slots per phase per pole 

Qr = total rotor slots 

fa = d-c. resistance of armature in per cent 

jB/ = field resistance in ohms at 75 deg. cent. 

X = reactance factor, per cent reactance for unit 
specific permeance. See Section II 
y = coil throw (number of slots spanned) 
a. = “pole embrace” ratio of pole arc to pole pitch 
y = ratio of slotted portion to total circumference of 
a turbine generator rotor 

5d = depth of an equivalent path in air for tiie pul¬ 
sating flux in the rotor teeth 

bt = depth of an equivalent path in air for the pul¬ 
sating flux in a solid pole center 
X = “spedfic permeance:” effective flux per pole 
per inch of length for unit ampere turns. 
See Section II 

T = pole pitch on stator diameter 
Tb = pitch of damper bars 
T, = pole pitdi on rotor diameter 
Tr. = rotor slot pitch 
T, =» stator slot pitch 
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Discussion 

M«L* Henderson t Mr. Kilgore’s paper is unquestionably an 
important contribution to the science of synchronous machine 
design. He has given formulas for the calculation of a larger 
number of the principal design constants than have heretofore 
been collected in a single paper. Many of these formulas have 
been derived on a more fundamental basis than before, while 
some are more approximate than previous expressions. 

The end-winding leakage is accounted for by a method slightly 
different from that used by Mr. Alger, but comparative results 
for average machines indicate but little difference in the final 
results. In fact if the effective end-winding extension (2 le 2 H- lei) 
is assumed equal to the peripheral span of the coil Mr. Kilgore’s 
formula gives almost exactly the same end-winding leakage 
reactance as does Mr. Alger’s expression. The expression (3a) 
for the end-winding leakage permeance, as printed, should 
evidently be divided by the core length, L Formula (40a) 
for the end-winding leakage permeance of turbine generators 
results from (3a) provided that the effective end winding exten¬ 
sion, including both ends, is taken as 86 per cent of the pole 
pitch. Considering the range of pitch and the relative im¬ 
portance of end-winding reactance in turbine generators, it 
seems better to retain the actual dimensions in this formula. 
For an actual two-pole machine on which these formulas were 
tried out, (40a) gave an end-winding leakage permeance of 6.3, 
while the expression derived from (3a) gave a value of 4.7, 
including the empirical factor of 1.2. 

Mr. Kilgore states that his air-gap flux distribution coeffi¬ 
cients, Cl, Cdi and Cm can be calculated for salient-pole machines 
from curves given in Mr. Wieseman’s paper on Graphical 
Determination of Magnetic Fields, Trans. A. I. E. E., Vol. 
46, p. 141, but does not give the relation of his coefficients to 
those given by Mr. Wieseman. The relations are as follows: 

by Kilgore by Wieseman 

Cl = Ai 

Cdi - Adi 

Ci]\ = Aq\ 

” 2 ill Krt 

TT 

Cm Kfl, as defined by Mr. Alger 

Some unpublished work of Prof. A. A. Bennett, since the publi¬ 
cation of Mr. Wieseman’s paper, has shown that in agreement 
with Mr. Kilgore, Ka (or Cm) is dependent only upon the ratio 
of pole arc to pole pitch, but he obtains values 1 to 2 per cent 
higher than Mr. Kilgore’s. However, we believe, from Prof. 
Bennett’s work, that the quadrature coefficient, Cqi, depends 
upon the ratios of maximum to minimum gap and minimum 
gap to pole pitch as well as upon the ratio of pole arc to pole 
pitch. For example Cqi for a 70 per cent pole arc varies from 


0.43 to 0.56 with reasonable variations in the other ratios, while 
Mr. Kilgore’s curve gives 0.50- 

Prom the standpoint of those who attempt to use and com¬ 
pare the various formulas for s 3 aichronous machine constants 
it is to be hoped that the nomenclature for machine dimensions, 
number of phases, number of slots, etc., will soon reach something 
like a steady state. Regardless of the merits of the individual 
systems, a great deal of the user’s time would be saved if it 
were not necessary to literally translate one set of formulas into 
another nomenclature to compare them with the results of 
another writer. 

P. L. Alders The most novel elements of Mr. Kilgore’s 
paper are the inclusion of the tooth tip leakage fringing as an 
additional term in the slot reactance (equation (la)), the use of 
flux distribution coefficients independent of the rounding of 
the pole (Pig. 4), and the formulas for the damper winding 
leakage. All of these proposals seem to be in the right direction, 
and fundamentally desirable, although in each case approxima^ 
tions are involved which may be important in some cases. 

The calculation of saturated reactance is not considered, 
however, the simple proposal being made that an empmcal 
factor of 0.88 be applied to unsaturated values to determine the 
saturated values. I believe that it is only feasible at the present 
time to determine the unsaturated reactances in routine design 
work, whether by test or by calculation, and that it is desirable 
to establish saturation factors such as that proposed. However, 
the effect of saturation must certainly vary, depending on the 
type of maoliine and on the magnitude of the short-circuit 
current, so that no single factor adequately represents the facts. 
The effects of saturation are difficult to calculate, and a large 
. body of test data should be obtained before any method of 
calculating saturation effects can be established. A complete 
theory must reconcile the different values of saturated reactance 
obtained by short circuit and static tests, and must also explain 
the variations in time constant with saturation. 

I believe that, roughly speaking, the saturation factor decreases 
uniformly as the ratio of the short-circuit current to the full 
load current increases, and that this saturation factor is of the 
same order of magnitude for all types of machine for a given 
value of per unit short-circuit current. This effect can be roughly 
represented by taking the saturated value of the transient 
reactance as a definite fixed amount, say 0.05 in per unit value, 
less than the unsaturated reactance value. Thus, a machine 
having an unsaturated transient reactance of 40 per cent might 
have a saturated value of 35 per cent, while one having an 
unsaturated reactance of 15 per cent might have a saturated 
reactance of 10 per cent. 

I think that as a temporary measure some such basis as this 
should be agreed upon for the determination of the saturated 
reactance values, rather than taking any arbitrary constant 
ratio for all cases, and I certainly believe that the factor of 0.88 
proposed by Mr. Kilgore, is too high for the cases of low reactance 
machines such as turbine alternators. 



Transient Oscillations in Distributed Circuits 

With Special Reference to Transformer Windings 
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Synopsis.—This paper is essentially a mathematical study of 
transient voltages in transformer and other distributed windings^ and 
is primarily concerned with showing the effects of wave shape, cir¬ 
cuit constants and neutral impedances on the voltage distributions, 
and how these distributions may be controlled or changed. In the 
appendix there is derived the general differential equation for a cir¬ 
cuit consisting of distributed self and mutual inductance, series 
and shunt capacitance, series resistance, and conductance along 
the stack and to ground. This equation is solved for the following 
conditions: {!) initial and final conditions with gmeralized im¬ 
pedance in the neutral; (2) grounded neutral; {S) isolated neutral 
for zero losses; and {Jj) capacitance in the neutral when the losses 
and mutual inductance are neglected. Equations are given cor¬ 
responding to a number of different applied waves, showing the 


effects of wavelength, wave frorU, damped and sustained oscillations, 
and typical lightning waves, and these effects are illustrated by 
curves and oscillograms. Equations are also given for the potential 
difference between any two points on the winding and for the voltage 
gradients. Tables are included showing the influence of the various 
circuit constants on the amplitude and frequency of oscillation, 
linear velocity and surge impedance of harmonic waves, and the 
type of propagation. These effects are illustrated by curves of the 
potential distribution at different instants of time. Methods of 
controlling the transient so as to prevent or alleviate abnormal voltage 
distributions are discussed at length. An equivalent circuit is de¬ 
veloped which serves as an approximation for a transformer as far as 
external reactions are concerned. 

♦ * ♦ ♦ » 


I. Introduction 

T he purpose of this paper is to continue the study of 
oscillations in transformers and particularly to 
derive complete mathematical equations for the 
transient oscillations which occur in transformer wind¬ 
ings and other distributed circuits when subjected to 
incident waves of arbitrary shape. The effects of the 
lo^es, neutral impedances, circuit parameters, and 
shields are discussed in detail, and the appropriate 
equations derived. While the analysis is necessarily 
based on ideal circuits and subject to the restrictions 
of certain simplifying assumptions; nevertheless tibe 
theoretical considerations not only describe the general 
characteristics of the transi^t, but give closer quanti¬ 
tative agre^ent with tests than might be expected. 
The principal discrepancies are due to the assumptions 
(made in the interests of mathematical simplicity) 
concerning the series capacitance paths and the mutual 
inductance. In order to avoid a complicated partial 
differential equation with variable coefficients it was 
necessary to adhere to the assumptions of a linearly 
graded mutual inductance.’ Moreover, it was expedi¬ 
ent to igiiore all circuit discontinuities, such as the 
lumping of the winding into pancake coils, breaks for 
taps, interleaving, etc. These circuit discontinuities 
give rise to localized oscillations which are superimposed 
on the principal oscillations, and while these do not add 
materially to the maximum potentials to ground, yet 
they may greatly increase the tum-to-tum stresses. 

The author's indebtedness to the papers in the bib¬ 
liography, which he has consulted very freely, will be * 
obvious to the informed reader on this subject. 

‘Power Trans. Engg. Dept., General Electric Co., Pittsfield, 
Mass. 

3. For references see Bibliography. 

Presented at the Summer Convention of the A. I. E. E., Asheville, 
N. C., June 22-26,1931. 


II. The General Circuit 

The Circuit Constants, The transient in a distributed 
winding, such as that of a transformer, is characterized 
by a complicated network of circuit constants. These 
include the self and mutual inductances; the capaci¬ 
tances from turn to turn, to tank, to the core anrl be¬ 
tween coils; the dielectric loss constants, and the series 
resistance of the winding as modified by skin effect. 



COMPLETE EQUIVALENT CIRCUIT 



CIRCUIT CONTROLLING INITIAL DISTRIBUTION 


gdx 



CIRCUIT CONTROLLING FINAL DISTRIBUTION 


Fig. 1—Ideal Complete Circuit op a Transformer 

For purposes of analysis the circuit may be simplified to 
that shown in Fig. 1a. The capacitances from the wind¬ 
ing to the core and to the tank have been combined as a 
single capacitance C per imit length to ground. The 
coil-to-coil capacitance along the stack is K per unit 
length. The total flux linkages at any point of the 
winding consists of those due to the mutual flux of the 
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entire winding, and the partial interlinkages of the 
leakage flux. The effective inductance L, which in¬ 
cludes these partial interlinkages is not, therefore, a 
pure self-inductance. It is defined, on the assumption 
of a linearly graded mutual flux, in Appendix I. 

Since the transient is of high frequency, the skin 
effect in the conductors probably represents the princi¬ 
pal copper loss. This transient skin effect is too com¬ 
plicate to express analytically, but since it is known 
that the losses do not have much influence on the first 
cycle of the fundamental oscillation, it is sufficient to 
represent the copper losses by a series resistance r. 
There remain the dielectric losses caused by the differ¬ 
ence of potential between winding and ground, and from 
point to point along the stack. These are accounted 
for by the conductances G and g respectively. In prac¬ 
tise, the neutral of a transformer may be directly 
grounded, isolated, or connected to ground through 
some sort of impedance, such as a resistance, reactor, or 
impedor. This grounding impedance is represented in 
Pig. 1 aa Z (p) where the p = b/bt implies that the 
impedance can be any general combination of resis¬ 
tances, inductances, capacitances, etc. The other 


Z«SURCE IMPEDANCE OP 



Pig. 2—Equivalent Circuit of Transformer to Traveling 

Waves 

terminal of the winding is connected to the incoming 
transmission line or cable of surge impedance z. 

Equivaieni Circuit for Terminal Reactions. In Appen¬ 
dix I it is shown that at the first instant the transformer 
behaves a,s a capacitance circuit, Fig. iB, having an 
effective capacitance with respect to the terminal of 

VCT 

EiVentually, however, the transformer acts as a pure 
inductance L', so that there is a transition period during 
which, by equation (63) of Appendix I, the neutral 
voltage of an isolated neutral transformer oscillates 
with a fundamental frequency* 


4 y/Li (4 C/ + K) 

and rises to practically double the taminal voltage. If 
the neutral is grounded, there are, of course, no oscilla¬ 
tions at the neutral. These considerations suggest the 
circuit shown in Fig. 2 as the approximate terminal 
equivalent circuit of a transformer, where the capaci¬ 
tance G' is chosen so that for an isolated neutral the 


neutral voltage has a period of oscillation equal to /• 
above. That is 

^ 1 _ T _ 

^ “ 2 w VL' C' “ 4 VL (.4: C + tt* K) 

4 L (4 C -h T* X) 

~ L' TT* 

where L is the effective inductance defined following 
equation (8) in Appendix I, and L' is the short-circuited 
inductance of the transformer. It will be observed 
that the circuit satisfies the following conditions: 

1. At the first instant the circuit behaves as a ca¬ 
pacitance VC K to ground. 

2. For a grounded neutral the neutral voltage is 
zero. 

3. For an isolated neutral the neutral voltage oscil¬ 
lates atthefundamental natural frequency of the trans¬ 
former, and approaches an upper limit of double the 
terminal voltage. 

4. Resistance in the neutral decreases the period of 
oscillation and limits the rise of the neutral voltage to a 
value less than twice the terminal voltage. 

5. The circuit finally behaves as an inductance L'. 

This circuit has been vmfied by tests results, and 

is instrumental in tremendous amplifications in the 
analysis of tiansformer oscillations. While the intro¬ 
duction of such approximations is never justifiable from 
a mathematical point of view, yet they are appropriate 
for engineering purposes. Still further simplifications 
can usually be made. The surge impedances of the 
harmonic waves comprising the internal oscillations in 
the windings are many times the surge impedance of the 
transmission line, and because of this great disparity 
in value these harmonic waves are reflected from the 
line terminal practically as from a grounded end. Con¬ 
versely, the incident wave on the transmission line is 
practically completely reflected, so that the terminal 
voltage is very nearly twice the traveling wave voltage. 
For this reason the surge impedance of the transmission 
line does not come into the picture, except for very long 
waves; and it is often sufficient to compute the internal 
oscillations of the transformer on the assumption that 
twice' the incident wave is directly applied to the ter¬ 
minals. When greater accuracy is required the equiva¬ 
lent drctdt of Fig. 2 can be used to determine the 
terminal voltage, and then this voltage used as the im¬ 
pressed voltage for calculating the in ternal oscillations. 
Ordinarily the capacitance VC K may be ignored, 
unless there is an inductance in series with the 
transformer. 

The Initial Distribaiion. When a wave with an ab¬ 
rupt front reaches the terminal of a transformer, the 
rate of change of potential in that first instant is infinite, 
and therefore the currents flowing through the capaci¬ 
tance paths of the •winding are al^ infinite. But the 
current in the inductance is zero, and tiie currents in 
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tile resistence elements are all finite. Therefore the 
initial distribution depends only on the capacitance 
elements of the circuit. Pig. 1 b, and the nature of the 
neutral impedance. In Appendix I it is shown that the 
distribution is of the form 

A cosh ax -f- sinh ax 
A cosh a + sinh a 


tion is entirely determined by the resistance elements. 
Fig. Ic. The damping out of the Oscillations is due 
not only to the internal losses (skin effect, dielectiic and 
iron losses), but also to the junction losses at tiie ter¬ 
minals where energy is lost by the r^raction of waves 
to^ the line and to the neutral impedance. In Appendix 
I it is shown that the final distribution is given by an 


whffl’e 

a = VC7K 

A = [p Z (p) VC £1 as p ■> 00 
Z (p) = neutral impedance 

K. = series capacitance 

C = shunt capacitance 

X — fraction of winding from neutral end. 

In a normal transforms a is of the ords of 6 to 30. In 
a non-resonating transforms it is nearly zero. 

A few representative combinations for A are given 
in the following table: 


Neutral impedance, 


Z ip) A 


Directly grounded. 0 

Isolated neutral. oo 

Resistance. 

Inductance. p 

Oapacltance. l/(p Co) 

Inductance and capacitance in series. p JLp + 1/p Co 


Inductance and capacitance in parallel pLo/il -\-p^LoCo) 
Resistance and capacitance in parallel Ho/l + p Ro Co) 
Resistance and Inductance in parallel. Rp Lp p/(Ro + P Lp) 


0 

oo 

00 

00 

^'CIC/Co 

00 

^TTk/Cq 
V CK/Cp 
00 


In all cases for which A = o© the initial distribution 
is given by 

cosh a X 
cosh a 



Pig. 3—Initial and Pinal Distribution Factor 


e 



A cosh \ X + sinh x x 
A cosQ ^ + sinh x 


X = a for initial distribution 
X = for final distribution 


It is evident that only an Tininterrupted capacitance 
from the neutral to ground, or a directly grounded 
neutral can change the initial distribution from that 
corresponding to an isolated neutral. 

In Fig. 3 is a set of curves showing the initial dis¬ 
tribution corresponding to a perpendicular wave front.’ 
Notice that for values of a in the neighborhood of 
O' = 10 the initial distribution is practically inde¬ 
pendent of the neutral impedance (as characterized by 
A). These curves also clearly show that the distribu¬ 
tion becomes more nearly linear as a decreases, that is, 
as the ratio VC/K decreases. In other words, the dis¬ 
tortion in the initial distribution is caused by the ca¬ 
pacitance to ground C, and can be improved either by 
deceasing C or by increasing the series capacitance K. 
This possibility is of primary importance in connection 
with electrostatic shielding, and is fully diafnajapft in 
Part V of this paper. 

The Final Distribution. After tiie transient oscilla¬ 
tions caused by the application of an infinite rectangu¬ 
lar wave at the line terminal have died out (theoretically 
at < = »), there remains a residual distribution. The 
capacitance elements then act as open circuits and the 
inductance elements as short circuits, and the distribu¬ 


equation having exactly the same form as for the initial 
distribution, but whose constants are, of course, dif¬ 
ferent. It is 

_ A cosh fix + sinh x 
A cosh|9 + sinhjS 

where 

A = Z (o) ■\l-~ (1 +ffr) 

r = series resistance 
g — conductance along winding 
G = conductance to ground 
Z (0) = Z (p) when p = 0 

In ^1 cases for which Z (o) = 0, and this includes all 
combinations in which there is a pure inductance be¬ 
tween the neutral and ground, the distribution is 

sinh 0 X 
^ ~ sinhjS 

In all cas^ for which Z (0) »= <», and this includes a 
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capacitance in series as part of the neutral impedance, 
the distribution is 

cosh /S X 

e =-- 

coshjS 

The distributions are given for a range in the values, 
of and A in Fig. 3. In an actual transformer, the 
value of j3 is so small that 
cosh fix 
sinh fix'^ fix 

and the distribution is the straight line 

_ (1 + g ^ (0) + r a; 

(1+ flrr) ^(0)+ r 

Theoretically, by the use of auxiliary reastances 
having a dedded negative characteristic it may be de¬ 
sirable to control the final distribution—or what is the 
same thing, the axis of osdllations—during the tran¬ 
sient. Such control could be used both to reduce the 
amplitude of tiie oscillations and accelerate their decay, 
or to prevent the rise of the neutral voltage. 

Thj& TroTment. The general differaitial equation of 
the complete circuit of Fig. 1 is derived in Appendix I, 
and solutions obtained for a grounded and an isolated 
neutral. The solutions have the form 
e = (final distribution) - 1 - (harmonic standing waves). 
The amplitudes of the space harmonics are given by the 
Fourier analyds of the initial distribution with respect 
to the final distribution, and are therefore smaller, the 
more nearly these two distributions are alike. The two 
solutions, when the losses are neglected, are discussed 
in detail under Parts III and IV of this paper. The 
solution, including the losses, for the grounded neutral 
case, is of the form 


the same, and it is immaterial whether the adjustment 
be made on either distribution, or on both. 

A general solution for any impedance Z (p) in the 
neutral is impossible, nor can explicit solutions be ob¬ 
tained for the most simple specific cases, but must de¬ 
pend upon finding the roots of transcendental equations. 
For this reason pure mathematical analysis ceases to be 
profitable. Howev^, good approximate results may 
be obtained by \ising the equivalent circuit of Fig. 2 
and applying the principle of superposition. This 
method is discussed in detail in Part V. 

III. Grounded Neutral 
In this section there are considered the circuits shown 
in Fig. 4. The wavy line coil indicates that the flux 
is due to pure self-inductance, whereas the looped coil 
indicates that mutual inductance is also present between 



(D 
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e = E 


sinhj8 a; 
tinh/3 


^ 2(-l)»s^(a»-i3») 
^ ^ (/3*H-s*7r*) (as-|-8»ir*) 


where 


€“■'*' cos a>, i sin s TT a: 

(45) 


« = J and fi J —— 

V Z \ 1 -I- jrr 

If r = (jr = G = 0 , thenjS = 0 and 7 , = 0 and the solu¬ 
tion reduces to that given in Part III. The effect of 
the losses is four-fold: 

1 . Oscillations are damped out by exponential 

decrement factors. 

2 . Decreased amplitudes of oscillations. 

3. Decreased frequenci^ of oscillation. 

4. Non-linear final distribution. 

It is evident that all oscillations vanish if a = j 8 . But 
tiiis is the condition that the initial and final distribu¬ 
tions are alike. Therefore the criterion for no osdlla¬ 
tions is that the initial and final distribution shall be 


Fia. 4—CiacuiTS Used in CALctii.ATioNs 

points along the winding. In the interests of simplicity 
the losses are neglected. Solutions are obtained for the 
different wave shapes shown in Pig. 6 , and the effect 
of wavelength, wave front, and frequency of applied 
voltage are evaluated. 

The potential e at point x of any of these five circuits, 
measuring from the groimded terminal, can be ex¬ 
pressed, as shown in Appendix I, by the identical equa¬ 
tions (for an infinite rectangular applied wave) 

CO 

e=xE + E'^A,smsirxcos(o,i (la) 

1 

00 

= xE+E 2 t®™ (s TT X -f CO, 0 

1 

sin (8 TT X - CO, t) ] (lb) 

00 

= 1^2 (STT— (C,t) — 8 TT . son 8 IT X 

(Ic) 
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These three ^nations represent the same phenomenon called tp (<) and if the solution corresponding to any 
from three different points of view: applied wave E «) is required it can be found by means 

of Duhamel’s theorem as 


Equation 


Point of view 


^ ®.(Fixed distribution) -|- (harmonic standing waves) 

^ .(Fixed distribution) -1- (pairs of harmonic traveling waves) 

^ .Simple traveling waves in the case of circuit Fig. 4a 


C d 

e = E (t) <p (0) + J E (r) <p {t — t) d r 

n w 


The amplitude A„ angular velocity to,, linear velocity equation ( 1 ), 

»„ surge impedance z„ initial and final distributions, “ 

and type of propagation for each of the four drcuits (f) = a: + ^ 5 ! sin s tt x cos co. f 

under consideration are given in the following table. , 


(L. C. K) 


(AT, C. K) 








Type of propagation As a rigid distribution 


High harmonics ahead 


High harmonics behind 


High harmonics ahead 


These conditions are illustrated in Fig, 5 for the first 
four circuits of Fig. 4, when L == ilf = 5, C = 10-», 
and if = 



IX) ^-9^ c 

o.« 

0.5--V- 
0.4— 

0.3 - 

0,2 

ai “M,c- 


Fia, 5 —Internal Distribtjtions 

Incident Waves of Arbitrary Shape. The forgoing 
equations and cmwes descnibe the response of the 
grounded-neutral circuits in Fig. 4 to an infinite rec¬ 
tangular applied wave. If the solution for Uiis case be 


Finite Rectangular Wave. Applying ( 2 ) to the finite 
rectangular wave of length L, Fig. 6 b, tha^ is 

00 

e(/< L, = xE + E 2 A,sin 8 TTX cos w, t 
1 

00 

e« >L) = E S 7 rx[cos w.f- cos w,(«-L)] ■ (4) 

1 

00 

= -E ^A,sins'n-x^ 2 sin^^^ sinw, 

Thus the solution is the same as for the infinite rectangu¬ 
lar wave up until the time t = L. But for « > L the 
axis of oscillations has shifted from the x E line to the 
zero axis, and the amplitudes of the harmonics are 
multiplied by the reduction factor 

^ . Wa L 


Any particular harmonic is then a maximum for 

COa Z/ TT 

-y- ^ ( 2 n-.l) — 

where n is an integer. Therefore the wavelength L 
necessary to make any harmonic s a maximxim is 












1220 


BEWLEY 


Transactions A. I. E. E. 




(27^-1) TT 
COs 


(2n—1 )t 
2 it/. 


2 n—1 

T/T 


-( 2 n-l) 



( 6 ) 


Thus the wavelength must be an odd multiple of the 
natural half period of oscillation T',/ 2 . In this case 
the amplitude of oscillation for that particular har¬ 
monic is twice as great for * > L as for« < L, but Hin<»A 
the axis of oscillations has shifted to the zero axis tiie 
voltage to ground does not necessarily increase at any 



Fia. 6— Wavb Shapes Used in Calculations 


point along the winding. Considering any harmonic 
alone there is for f < L 

e' = S (a; -h A, sin s T a: cos <a, t) (7) 

and this is a maximum when cos w, i = cos s ir and for 
de' 

—— = 0 = iE? (1 - 1 - A, 8 TT cos s X a:) ( 8 ) 

O X 


:.x 


1 

8 X 


COS“^ 


(- 1 ) 
8 X A, 


(9) 


=b[— cos-1 +AsJi- (— 

L8X sxA. *\ \8xA./J 


jE7 r (-1) -1 


8 X A 
(- 1 ) 


In a grounded-neutral winding A. is greatest for the 
fundamental, but cannot exceed 2 /x, so that tiie 
maximum to which fundamental can raise the voltage is 

[ cos- 1 -- y- ^ == 1.218 E for t<L ( 11 ) 

as compared with 

4 

e‘'„a^ = 2A,E = -= 1.272£7for<> L ( 12 ) 

TT 


These relative values are, of course, altered by the con¬ 
tributions of the other harmonics, and A, is actually 
always less than 2 /x. 

Effect of a lAnear Front. The solution for the infinite 
linear wave. Fig. 6 c, 

(13) 


by Duhamel’s theorem is 

00 

2 (1 

-A, sin 8 X a: sin co, t (14) 

co« 

1 

Herefrom, the solution for a wave with a linear fix>nt of 
length F and an infinite rectangular tail is found by 
superimposing two such solutions of opposite sign and 
displaced by an amount t = F, Fig. 6 d. It is 



E 

t+E^ 

et< p 




1 

00 

^t>F 

=xE — 

t 

f ^ 

. Fco,-| 

1 

sin CO. 

LF CO, 

sm 2 J 


CO, 


(IS) 


For t > F the amplitude of any harmonic is proportional 
to 


2 , F CO, 


(16) 


This reduction factor is plotted in Fig. 8 . It has a max¬ 
imum of unity occuring at F = 0 , and then rapidly 
decreases in magnitude similar to a damped oscillation. 

...Fco, „ 2«x n 

y, = 0 for - 5 — - nir or F - - = - 7 — (17) 

" Js 

Thus if the wave front is a multiple of the natural 
period of oscifiation of a particular harmonic, then that 
harmonic vanishes. If the front is sufficiently long so 
that tile fundamental vanishes, then the harmonics also 
become n^ligible. 

When a wave of this nature is chopped on the tail, 
Fig. 6e, the subsequent voltage distribution is found by 
supmmposing an infinite rectangular wave of opposite 
sign, and displaced back from the origin by an amount 
The solution then is 

CO 

«<>z,' = — F 2 fcos 

1 

2 . CO, F / F \ 1 . 

- -^jj^sm-^cos I J sm 8 X a: (18) 

Thus if a wave having a front so slow that it causes no 
perceptible oscillations, is chopped at a voltage E on the 
tail, the subsequent distribution will consist of the 
oscillations corresponding to an infinite rectangular 
wave of (— E) potential, but these oscillations will take 
place about the zero axis instead of the (— x E) axis. 

Typical lAgktning Wave. The characteristic shape of 
a natural lightning wave—disregarding tiie minor ir- 
r^ularities—^is tiiown in Fig. 6 f, and is represented by 
E (t) = E (€-«* - €-“) (19) 


E (t) = at 
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Thai by Duhamel’s Theorem there is 
e = E (€“** — €“**) X 


a 


+ E 2 A. an s T a: [• 


a* + w,* 


6* e-»‘ 

6* + CO.* 


1 

<>)s / tt \ 

+ — / " . ‘ cos I CO, f + tan-»- I 

Vo* + CO,* \ CO, / 

“ — A-'V*— cos f CO,< + tan-i —^ ^ 1 (20) 

V6* + CO,* \ CO, / J ^ ' 

A wave with an infinite tail is obtained by making 
= 0. Then the above equation reduces to 


2 r 

A, sin 8 TT a: I —~— 7- 

L 0 * + CO.* 

1 

+ . cos ( CO, < + tan-* ) ] (22) 

Vo* + CO,* \ CO. / J ^ ' 

Here again, by putting a = 0 the solution reduces to 
that for an infinite rectangular wave. 

Damped OsdMtiom. The importance of this case 
justifies a separate paper.* 

Potential Difference Between Points. The potential 




// S . (1^ h cv/ l/l/r,? 


e. / ,/ 

/ / 77?,£- 

/ /fne / 



>2 ] Ife ZO .24 


I 

TtofYf /fne. ^ 


Pig. 7—Effect of Chopping Wave on the Tail 

Top, very long applied wave 

Bottom, wave chopped at 17 microseconds 


2 r 

A.sinsTra; j^- ^ ip ' ^ T 

1 

Thus the oscillations are partially proportional to the 
factor 6 determining the length of the front. When 
6 = 00 the front is perpendicular, and the solution 
reduces to that of the infinite rectangular wave. 

A wave with a perpendicular front and an exponential 
tail is given by putting 6 = <» in (19). Then 


difference between any two points Xi and of the wind¬ 
ing, for an infinite rectangular wave is 

Cl — c, = (xi — Xi) E 

eo 

-h E 2 A, (sin s tt Xi — sin s tt a:,) cos w, t 
1 

= (®i — Xi) E 

00 

2 s TT S TT 

A, 2 ^—^(3ti-Xi)cos—^(Xi-j-Xi)cos (0^ (23) 

1 
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Consequently the harmonic voltage between any two 
points vanishes if 

s (Xi + ajj) = (2 ft — 1) = an odd integer -i 
s(xi — Xi) = 2m = an even integer i (24) 

Foi" example, if Xi = 2/3 and Xi = 1/3, then all odd 
harmonics and all even harmonics which are multiples 
of six, vanish. Thus the only harmonic voltages be¬ 
tween these two points are the 2nd, 4th, 8th, 10th, 14th, 
etc. The harmonic voltages which can exist between 
two points of the winding, as fraction of full value, are 
best pictured by charts. For instance, at asi = 3/4 and 
Xi = 1/4 the 1st, 3rd, 6th, etc., cancel out; the 4th, 
8th, 12th, etc,, are zeyo; and the 2nd, 6th, 10th, etc., 
have doubled differences. More generally, for points 
equal distances from the ends a :2 = (1— ®i)and 
s (ail -h a:*) = s = 2 ft — 1 i 

s (asi — ajj) = s (2 asi — 1) = 2 w / (25) 


2 J5, r / s IT X 

"2“ L ‘ 

1 

( STX 

—2— * 



1 


4 I S TT 

— -1 an "IT" 

S IT J 2 


cos 


S T X 
2 


) 

)] 


(lb) 


(Ic) 


The amplitude angular velocity Q„ linear velocity 
V„ surge inipedance Z„ initial and final distributions, 
and tsnpe of propagation for each of the four circuits of 
Fig. 4 are &ven in the following table: 


Circuit 

a. c) 

(M, C) 

(A. C. K) 

(M, C. K) 


4 sin s Tr/2 

4 sin s t/2 

16 a- sin s ir/2 

16 sin s t/2 

Bs 

ST 

S T 

sir 

s T (s'^ IT* 4* 4 oe^) 


st/2 


st/2 

s* ir®/4 


vTF* 

^| MC 

VZ, (As* tV4 + C) 

VM (K s^ irV4 4 C) 


1 

st/2 

i 

st/2 

V L C 

V MC 

VL iKs^T^/A: + C) 

VM (Ks2irV4 + C) 






• 


-L-./ZK. 

a/ ^ +l\ 



V c 

Sir V c 

V c ^ 4 05* 

V C \ a2 s^T^ ) 

e 



_ cosh a X 

_ coshcxa: 

t « 0 

0 

0 

^ cosh a 

^ cosh ot 

e 

E 

E 

E 

. B 

/ » 00 





Type of propagation 

As a rigid distribution 

High harmonics ahead 

High harmonics behind 

High harmonics ahead 


Thus there are no odd harmonics in the potential dif¬ 
ference between points equidistant from the ends. 

Gradients. The gradient, or stress along the stack 
per unit length of winding, is simply the space deriva¬ 
tive (d e/b x) of the corresponding voltage equation. 
Therefore, since x does not appear in the foregoing 
equations except as (») or in (sin s x a;), the gradients 
are given by replacing in the above equations 

X with 1 ■! 

sin s X a: with s x cos s x a; / (26) 

IV. Isolated Nbxjtbal 

When the neutrals of tihe circuits shown in Fig. 4 are 
isolated, and the applied wave is infinite rectangular, 
the solution is 

CO 

2 S TT X 

B,. cos — 2 — . cos Q,« (la) 


The behavior of an isolated neutral winding to waves 
of arbitimy shape can be determined by an application 
of Duhamel's Theorem, as in Part III. In fact, since 
time t enters the equations for the distribution in eitiier 
the grounded or isolated neutral ease, merely as a 
cosine function, and since Duhamel’s Theorem affects 
only the time function, the equations -for the isolated- 
neutral case can be written immediately by inspection 
from the corresponding grounded-neutral equations 
for waves of arbitrary shape. The same conduaons 
and curves, concerning the effect of wave shape, apply 
todthercase. 

V. Neutral Impedanc® 

When a generalized impedance Z (p) is inserted in 
the neutral of the transformer, the matiiematical diffi¬ 
culties involved in attempting a solution become xm- 
surmountable from an engineering point of view. An 
approximate method of solution which yields fair results 
is as follows: 
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1. Solve the eqviivalent circuit. Fig. 2 , for the neu¬ 
tral voltage e„. 

2. Find the transient distribution due to the applied 
terminal voltage, on the assumption that the neutral is 
grounded. 

3. Find the transient distribution due to the neutral 
voltage Bn on the assumption that the line terminal is 
grounded, using the grounded neutral equations and 
Duhamel’s Theorem. 

4. The resultant distribution is then given by adding 
the distributions found under (2) and (3). 

The application of the above method will be illus¬ 
trated for the case of a capacitance Co in the neutral 
and for an infinite rectangular applied wave. In order 
to simplify the problem as much as possible, the capaci- 



PiG. 8 —^Hakmonic REDncTiON Pactok fob Wave Pkont 


tance VC K will be neglected. Then the circuit coni 
sists of the surge impedance of the transmission line in 
series with L' and C„ = C -t- Co). By the 

theory of traveling waves the neutral voltage is 

2 /p Cn '■ 

= “^j- E = 2E [1— B e“®‘sin(6 t + 6) ] 

^ I „ T / I 


where 


( 1 ) 


a 



^ ~ \l - T,^ — B ^ » 

^ L'C„ Vl-a^L'Cn 


It will be sufiicient to take the terminal voltage a&2E. 
The solution corresponding to2E and grounded neutral 
is 


01 = 2Ex + 2E 2 A,sin s TT® . cos co, t ( 1 ) 
1 

Now considering the line end grounded, and the 
potential e„ applied at the neutral, the solution is, by 
Duhamel's theorem, 

62 = (X — X) e„ +2E 2 A, sin s IT (1 — *) | cos (a, t 
— B sin (6 t - 1 - 0) 

+ ^ 6 cos (6 t -[- 9 ) 


+ (¥ — a® — CO,*) sin (6 f -I- 0) ] 

_ g CO, r ocos(<o.t-|-0) + (co,-&)sin(co.t-|-0) 

2 L a* -h (6 - CO.)* 

_ g cos (co, t - 0) + (b + CO.) sin (co, t + 0) 
g* + (& -l- w,)* 

Then by the principle of superposition, the actual re¬ 
sultant distribution is the sum of the distributions due 
to the terminal and neutral voltages, or 

6 = 6i -|- fi2 (3) 

VI. Control op TransibI|JT Distribution 

In both the grounded and isolated neutral windings 
the transient distribution consists of an infinite series 
of space harmonics, the amplitudes of which are given 
by the Fourier analysis of the initial distribution with 
respect to the final distribution. It should not be 
inferred, however, that this is true for any generalized 
impedance in the neutral. When a neutral impedance 
is used there will be, in general, other transient terms 
than those given by the Fourier series, and such terms 
are not necessarily eliminated by making the initial and 
final distributions identical. The control of the tran¬ 
sient distribution consists, then, in meeting the following 
two conditions: 

A. Maintaining the neutral voltage constant during 
the abnormal voltage transient, for all applied wave 
shapes. 

B. Elimination of tire internal transient oscillations 

1. By making the initial and final distributions 
identical for an infinite rectangular wave, or 

2. By increasing the losses during the tranaent 

to such values that all oi^illations are at least 
critically damped, or > 

3. By modification of the applied wave shape. 

Maintaining Constant Voltage at the Neuifal. The 

only connection which will result in a perfectiy constant 
neutral voltage under all conditions is the directly 
grounded neutral. However, if an isolated neutral or 
specified neutral impedance (such as a resistance or 
reactor) is necessary under normal operating conditions, 
then in order to simulate effectively the grounded- 
neutral condition during the transient, there are three 
means available: 

1. A capacitance to ground with a charging period 
very long in comparison with the fundamental natural 
period of oscillation of the transformer, and witii the 
length of the applied wave. 

2. An oscillatory circuit with a period very long in 
comparison with the fundamental natural period of the 
transformer, and with the applied wave. 

3. A resistance with an exaggerated negative char- 
act^stic which will effectively limit the rise of tbe 
neutral voltage. 

Any of these or their combinations may be used pro¬ 
vided that the proper functioning of the normal neutral 
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impedance under the conditions for which it was in- 
t^ded is not interfered with. 

However, while such impedances can be designed to 
bold the neutral voltage below a specified limit for any 
required length of time, yet the potential of the neutral 
rises by a slow transient.* This transient is approxi¬ 
mately governed by the neutral impedance Z (p), the 
transformer inductance L, and the surge impedance of 
the transmission line 2 . In accordance with the theory 


For a capacitor in the neutral, and an infinite rec-r 
tangular wave, there is 

r 2 0 ! . 1 

- 2E^1— e""*sm w< J 

e„=2 E[l--^ €-“'sin ^ w « + tan- ] 



f 

! 

- -A 

/■ 

c CJfJ 
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Zo j. ro /j'fff a 

0 
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'31^ ^0 

A a f t ci i 

so Go 70 3 a 9 







Fig. 9—Effect of Wave Front 

Top, applied wave of S-iuicrosecoiid front 
Bottom, applied wave of 50-microsecond front 


of traveling waves, the voltage at the transformer 
terminal, and the neutral voltage, corresponding to a 
traveling incident wave e on the transmisaon line, are 
respectively: 

2 [Z (p) +pL] 

. Z(p)+pL + z 

2^(P) ,,, 

Z(p)+pL + z 

Case I. Z (p) == 1/p C, 


where 

a = z/2 L 

1/LCo 

CO* = C0«* — O!* 

Thus the neutral voltage oscillates with a damped 
amplitude of practically 2 E about the 2 E line as an 
axis; so that the neutral voltage may rise to nearly four 
times the voltage of the incident wave for infinite rec¬ 
tangular wave excitation. Superimposed hereon are 
the internal high frequency oscillations, and if the fun- 
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damental natural frequency of the winding is in the 
neighborhood of that of the neutral, voltages of the 
order of three times the terminal voltage will be experi¬ 
enced at points in the winding. Of course, if the applied 
wave happens to be oscillatory with a near resonant fre¬ 
quency, then exceedingly high voltages will be built up 
and destruction of the apparatus may occur. For these 
reasons a capacitor by itself is not a sufficient guarantee 
that the neutral voltage will be controlled for all applied 
wave shapes and conditions. 

Case IV. The Impedor 

Another method of controlling the neutral voltage 
under transient conditions is by means of the impedor.^ 
It consists, essentially of three elements: (1) the normal 
frequency neutral impedance, (2) a capacitor which is 
effective in holding down the neutral voltage for most 
lightning waves, and (3) a resistor having a decided 
negative characteristic in series with a gap, to take care 
of extremely long lightning waves, or arcing ground and 
switching surges. As an example of how the effects of 


_ ^ 2e — z i- Cn ^ 


Ai 


At 


io — (i —is.— ij.) 
A 6. — ^ At 


In the above equations the average values of the 
variables over the interval A < are to be used. Hereby 
a stei)-by-step method of successive approximations 
may be followed as shown in the following table. Such 
a table is filled in lightly with pencil, and each figure 
arrived at is readjusted by trial until all of the conditions 
specified by the above equations are fulfilled to the 
required degree of accuracy. 


A/ 

t 

2e 


A vn 

ic 

in 

IL 

A IL 

A I 

i 

Z i 

10.... 

0. . .. 

-2000. 

. . 0. 


- 0... 

- 0 .... 

_0..., 



- 0. 

.... 0 

10... . 

10.... 

-2000. 

. . 33. 


-198. . . 

.... 0.1..,. 

- 1.... 


-199_ 

-199. 

.... 60 

10. 

20.... 

_2000. 

..124. 


-344... 

... 17 _ 

-4.... 


....166_ 

-365. 

....1X0 

10. 

30.... 

-2000. 

..240. 


....343... 

... 170 .... 

. . . .10.... 


....168_ 

...,623. 

.... 168 


40..,. 

-2000. 

..323. 


_162. . . 

...495 . ... 

-19.... 


...,154_ 

,...677. 

... .203 


such an impedor may be calculated by a tabular step- 
by-step method of successive approximations, let: 

Lb = inductance of the normal-frequency neutral 
reactor 

= capacitance of the impedor 
= surge impedance of transmission line 
= incident wave 
Cn = neutral voltage 
i - total cvurent in the neutral 
= current in the neutral reactor 
= current in the neutral capacitor 
= current in the neutral resistor 
Then by traveling wave theory 

2e — z% = L 


Elimination of OsdUalions by Shielding, If the neu¬ 
tral is maintained at substantially zero potential during 
the transient, then the axis of oscillations is 


Cb 

z 

e 


*r. 

ic 

in 


Bi. 


= E- 


sinh|8a! 

sinhjS 


where 


-4 


rG 


d t 


+ Bn 


d ih 
d t 

dBn 

d t 


— Sn 


= ^C 


1 + rg 

r = series resistance in the winding 
g = shunted conductance along the stack 
G = conductance to ground 
However, in a normal transform^' /3 is so small that 

_ sinh/Sa: „ px 


The initial distribution is 


in = f (Bn) from the negative resistance characteristic. 
Substituting increments for diffaentials and re- where 
arranging 


Bt-O^E 


sinh Qia; 
sinh a 


A it, 


Bn 

Lb 


At 


a = VC/K 

C = capadtance to ground 
K = series capacitance along stack 
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Evidently the initial and final distributions are identical 

if 

C tG 

O' = jS or -Tr" = T~, - 

K l + rgf 

and all transient oscillations vanish. It is then simply 
a question as to which of the two it is most feasible to 
adjust. In practise it has been found much better to 
modify the initial distribution to conform to the final 
distribution than the reverse, because the initial dis¬ 
tribution causes ah excessive concentration of stress 
near the line end. There are three ways in which this 
may be accomplished: 

Case I. 

The conventional method of electrostatic shielding as 
employed on non-resonating transformers is shown in 
Fig. 10 b. The auxiliary capacitances Ci', C 2 ', Cz, etc., 
are designed so that they supply the charging current of 
the capacitances C to ground, thereby relieving the 
series capacitances K of that current. At any point x 



Fig. 10—Methods op Shielding 


the potential of the winding above ground for a linear 
distribution is as E, and the voltage between this point 
and the line tCTminal is (1 — a;) E. Therefore in order 
that CJ may supply the charging current to C at point 
as there must be 

(1- a:) EC/ = xEC 


.". Cl 



c 


Consequaitly, the same current flows through the entire 
series capacitance path, K, and the distribution of volt¬ 
age along the stack is linear. In effect, the groimd 
capacitance C has been canceled or nullifie d by the 
shielding capacitance C, and therefore a = VC/Z = 0 
and 


e = E 


sinh ga; 
sinh a 




Case II.' 

Fig. 10c illustrates the method of shielding by means 
of auxiliary series capacitances Ki, Kz, Kz, etc. 
Suppose that the winding has been divided into n equal 
sections, and let the jimctions be numbered 0,1,2, . . « 
from the neutral. Then for a linear distribution of 
voltage the conditions at junction x are 

E 

e = - = voltage per section 


X 

e« = E- = potential to ground 

Ti 

E — e, = ^1 — —^ ^ E=potential to the line terminal 
By Kirchhoff's law 

Cex = Cex = (,K + KJ)e-(K + K'^{)e 
Z/ = a:C-fZVx 

= X C (x — l)C-t- K'a-i 
= a: C -1- (JC - 1) C -H (X - 2) C + Z'._8 

= [x -h (x — 1) -f (x — 2) -h.1] C -|- 0 

X (x -I- 1) _ 


Case III. 

Increase Z, by adding auxiliary series capacitances Z' 
as shown in Fig. IOd to such an extent, that 


O' = 

i ^ 

>0 

J K 

sinh ax 

■ 

a X 

sinh a 

a 


The capacitance of the Z' units can be made quite 
sufficient to give a practically linear initial distribution 
of the coimected points, but since the sections of the 
winding between points are not equalized, local oscilla¬ 
tions take place as shown in Fig. IOd. If it is desirable 
to suppress these local oscillations it may be effectively 
done by combining the schemes shown in Fig. 10 b and 
Fig. IOd as indicated in Fig. IOe. Here the auxiliary 
capacitances (C/, C 2 ', . . .) have been added to the 
circuit. There is a group for each section of the winding 
fed from the higher potential end of the section. The 
design is similar to that of Case I. Let points Xi and xz 
be adjacent points on the winding maintained at the 
appropriate potentials = Xi E and ez = xzE by the 
large auxiliary series capacitors Z'. Let x be a point 
intermediate between Xi and 352 at which it is required to 
connect a capacitor C,' such that the point x will be at 
potential x E. Then tiie voltage across C*' is ( 0:2 — x) 
E, and therefore in order that C*' may supply the charg- 
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ing current of the capacitance C of the winding to 
ground there must be 

(xj — x)ECx = xEC 



It will be noticed in this scheme that the C,' capaci¬ 
tances need not be insulated from the winding by more 
than the potential difference across one section of the 
winding, thus permitting a very economical type of 
shield to be used. However, the local oscillations in the 
individual sections are not dangerous, and ordinarily 
would not be compensated. 

Elimination of Oscillations by Losses. In the general 
solution given in Appendix I it was shown that the 
effect of losses is threefold: 

1. All harmonics suffer a decrement 

2. The periods of oscillation are increased 

3. Certain oscillations degenerate to exponential 

decay. 

By increasing the losses sufficiently it is possible to pro¬ 
hibit all oscillations. The initial distribution then dif¬ 
fuses into the final distribution without over-shooting, 
and dangerous abnormal voltages are avoided. It may 
not be practicable to absolutely prohibit all oscillations, 
and a small amount of over-shooting may occur as 
shown in Mg. IOp. Perhaps the most simple method of 
controlling the distribution by losses is through the use 
of a tied-in shunt resistor. However, this shunt resistor 
must have such a low resistance to be effective against 
high-voltage surges, that its losses and heating under 
normal conditions become excessive, unless the material 
has a decided negative characteristic. Thyrite has 
been used to excellent advantage as a shunt resistor for 
current limiting reactors.* 
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Appendix 1 

The General Differential Equation. Referring to 
Fig. 1 , the circuit constants per unit length of winding 
are: 

L = effective inductance including the mutual 
flux. 

^ (*> y) = mutual inductance between elements at 
X and y. 

C — shunt capacitance to groimd. 

K — series capacitance along the winding. 

G = shimt conductance to groimd. 
g = shunt inductance along the winding. 
r = series resistance. 
n = turns. 


The variables involved at any point of the winding are: 
e = potential to ground. 
ii = current in series capacitance K. 
i, = current in the inductance L. 
ii = curientin the shunt conductance g. 
ii = current to ground through G. 

4) = total flux linkages at a point. 

B = flux density. 
t = time. 

p — b/'dt = partial derivative with respect to 
time. 

x,y - points along the winding, measured from 
the neutral ^d. 

I — length of the winding. 

(m Z 0 = mean length of turn. 
h = length of the leakage path. 

The fundamental relationships are: 



d X d < 


( 1 ) 


u = g 


a e 
a X 


( 2 ) 




= + C ® + *2 + * 3 ) (3) 


a e 
ax 


= r *2 + 


n a ^ 


10* az 

I 


= r is + (x, y) i, (y) .dy 


= rii + 


bt 


L’ i, (X) 


+ JM ix, y) [is (g)- is (x )\dy 


(4a) 

(4b) 


(4c) 
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where 

I 

U ^ ^ M {x^y) dy - self inductance 
0 

X I 

(p = <p«,-\-(pi=<Pm- imlt)fBidy+(mlt)fBidy 

O X 

(5) 

where 

ip^ = flux mutual to the entire winding. 

= flux due to partial intsrlinkages. 

Bi = fluxdenatyforO <y <x 
Bi = flux density for a: <y <l 
Assume, as simple approximation, that the flux den¬ 
sity is distributed as a linear function 



_ — . 4 TT W 

r 





-j (y)dy 
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(6) 


„ . 4 IT n 

X 

c, , 




*■- h 

•J ^)dy 

0 


(7) 

From (4a), (5), (6) and (7) there is 




e ifi i 2 

.8ir»*(mZ<) 

tPii 



bx* ~ ^ bx^ ~ 

felO® 

bxbt 



bHi 

L bHi 




biP 

P bxbt 


(8) 

where 






.8 TT n^ Z® (mlt) 




L 

hlOP 

effective inductance 


By(l), 

(2), and (3) there is 




L 


_ d \ d fi 

1 /Hf _ 1 



P 

bxbt 




L bHi L 

5* is L 




P bxbt~ P 

bxbtP 

r 

^ bt 


L 

^ b®e L 

b* e 

L b^ 

e 

n 

1/ 

^ bp p 

b a:® b P~^~ 

P 5x® 

b t 





(9) 

and 





b>H 

-. .c- 

b^ e 

b® e 


baP 


bx^bt 

bxP bt 



Substituting (9) and (10) in (8) tiiere results 


rK 


5»e 


+ (1 + g r) 


& 


L 

P ^ d ** b 






-rG 


iPe 
b ^ 


L _ be 

+ ^«"37-=« (“) 

If the losses can be neglected equation ( 11 ) reduces to 

bU LK bU L bU 

bx* ~ fi bx^bf'^P^bt^’"^ 

Hereafter it will be convenient to take! *= 1 . 

The total current is, from (3) 

(ii -f- ii -h * 3 ) = + C ^ y edx (13) 

The solution to these equations must satisfy 

a. The differential equation 

b. The terminal conditions at a; = 0 and x = I 

c. The initial distribution at f = 0 

d. The final distribution att = oa 

If the solution corresponding to a constant sustained 
potential suddenly applied at a: = 1 can be found, then 
the solution for any other applied terminal voltage is 
given by Duhamel’s Theorem. The usual procedure in 
solving a partial differential equation is to assume the 
form of the solution and try it by direct substitution in 
the differential equation and the boundary conditions. 
Each tentative trial usually suggests the necessary 
changes and adjustments in order to meet the complete 
specifications. Therefore, in order to choose the proper 
solution from among the infinite munber of functions 
which will satisfy the differmitial equations, it is neces¬ 
sary to first investigate the bounda^ conditions. 

The Initial LHstribiUion. When an infinite rectangu¬ 
lar wave is applied at the terminal of the winding, the 
currents in the capacitances at the first instant are 
infinite, since the time rate of change of voltage is 
infimte; whereas the current in the inductive winding 
is zero, and in the resistances the currents are all finite. 
Therefore the initial distribution of potential depends 
only upon the capacitances. Mg. 1 b, and can be deter¬ 
mined by solving the differential equation for the ca¬ 
pacitances alone. Consequently, considering only the 
capacitances of the circuit, the combination of equations 
(1) and (3) gives (G = 0 ). 

C ' b^e 

where 

a = VCTX 

This equation also follows from the general differen¬ 
tial equation ( 11 ) upon dividing through hyp* = d*/d 
and putting p = », according to the procedure in 
opwational calculus. 

The solution to (14) is: 

e = A €“* -I- J5 e-«* 


(15) 
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and from (1) the corresponding current is 
be 

t = Kp = Kp a (A — B €-«*) 


(16) 


where p > and the initial rush of current is there¬ 
fore infinite. 

Suppose that the winding is grounded at a: = 0 
through a generalized impedance Z (p), and that the 
voltage applied at a; = liaE. Then 
at a:= 1, c = jB = A €“• + B €-“ | (17) 

&tx=0,e=Z(p)i=Z(:p)pVCK(A-B)=A + B f 
Herefrom the integration constants are 


1 IZ (p)p VCK + 1]E 

2 Z (p) p -s/C K cosh a -1- sinh a 


1 \Zip)pVCK-l]E 

2 Z (p)p s/C K cosh a -f- sinh a 


(18) 


and the initial distribution therefore is 

^ — E ^ ^ ^ a •'c 4- sinh a x i 

^ ~ Z (p) p VC K cosh a + sinh a J 

For a groimded neutral Z (p) = 0 and 


e 


sinh ax 
sinh a 


E 


( 20 ) 


For an isolated neutral, Z (p) = «> and 

cosh ax _ 

e =-r- E 

cosh a 


( 21 ) 


For a capacitance Co in the neutral Z (p) = lip Co and 
_ VCK cosh ax V Co sinh ax 
^ ~ VC K cosh a + Co sinh a 


For an inductance L* in the neutral Z {p) = p L» and 
_ L p^ VCK cosh ax + sinh a x "j 
^ ~ L p^ VC K cosh a -|- sinh a J “ 


cosh <3! X 

cosh a 


(23) 


Equation (19) may be expressed as a half-range sine 
series 



A 

sinsiraj* emisvxdx 


2 


pZ(p) VCK(l—coa s TT cosh <x)—cos s tt sinh a 
p Z{p) VC K cosh a -|- sinh a 


2 s IT 

—r-;— 7 —; sin s x z (24) 

O'* -h s* X* ^ ' 

The Final DistribuMon. After the tranaent incident 
to the application of an infinite rectangular wave at the 
line terminals has died out (theoretically at < = <») the 


residual distribution is direct current. The capacitance 
elements then act as open drcuits and the inductance 
elements as short circuits. The distribution is then 
entirely determined by the resistance elements, Fig. Ic. 
The differential equation for this circuit from (2), (3), 
and (4) is 

5® e b® c 

= (25) 

where 


R = 


r 

1 + flrr 


resistance of r and g in parallel 


and 

/3* = EG 

This equation also follows from the general differen¬ 
tial equation (11) upon substituting p = b/b t =‘ 0 ac¬ 
cording to the procedure in operational calculus. 

The solution to (25) is 

e = A ©8* -I- B 6-'’* (26) 

and from (2) and (4) the corresponding current is 
1 £> e I G 


The terminal conditions are 
ata: = l, e = B = Ae^-|-B 


at *= 0,e=Z(p)i=Z(p) J -^(A-B) =A+B 

^ R 


Herefrom the integration constants are 

A _ 1 [Z(p)VUm + l]E 

2 Z (p) VG/R cosh j3 + anhiS 


1 . [Z (p) VG/R -1]E 

2 Z (p) VG/R cosh jS -I- anh 


(29) 


(30) 


and the final distribution therefore is 

_ r ^ VG/R cosh /3 a; + sinh fix '} 

^ ~ Z (p) VG/R cosh /3 -1- sinh j8 J ^ 


(31) 


For a grounded neutral or an inductance in the neutral 
Z(p) — 0 and 


e = E 


sinh g X 
sinh jS 


(32) 


For an isolated neutral or a capacitance in the neutral 
Z (p) = a> and 


cosh /3 X 
cosh/3 


For a resistance Bo in the neufral,2l (p> = B«and 
g ^ - Rq VG/R cosh p X + sinh p x 
^ ~ Ro VG/R cosh /3 -f sinh p 


(33) 


(34) 


In a normal machine jS is a very small quantity, so 
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that approximately, uang only the first terms in the 
cosh and sinh series, 

^ (p) VG/R -h VRG X 

Solution fob Groundeid Neutral 
As a tentative solution to equation (11) assume 

sinh 0 X 


E 2 ^2 ^ cos s IT sin s T a: + ^ sin s ir a: 


n — 2 ST 

" /j 2 I „2 2 COS s TT . Sin s IT; 

a.^ + TT* 


Therefore 


= E 


sinh 0 


+ 2^ 


^ax + bl 


(36) 


_ 2 s T (cos s t) (a^ — j8^) 

”* //lO I _0\ / ^ I _0\ ^ 


(43) 


(44) 


The first term represents the axis of oscillations es given 
by equation (32) in which 




_ / rG 

> l+9‘. 


09* + S* TT*) (a* + S* TT*) 

The coefficients B, are zero, as is evident from the con¬ 
dition that the current «2 through the inductance is zero 
for t — 0. Then the differential equation and the 
initial, final, and terminal conditions are all satisfied. 
Therefore the solution is 


and the summation term is the usual trial solution for a 
differential equation of this type. Substituting (36) in 
(11) there results 

rKa*b + (1 + gr) a* — LKan^- (rC + gL)a^b 

~ r G + LCb^ + LGb = 0 (37) 

Solving this equation for 6 there is 

rK a* - (r C -f g L) a* -h L G 


e = E 


sinhj9 a; 


+e2 


smhj9 

2(-1)*st . (a*-/9*) 


09*-l-s* TT*) (a*-(-s* IT*) 


b = - 


2i:, (C-Ka^) 


V(rKa*-rC a*—gLo*-HLG)*-4 L(,C-K a*) 

_ (a*+g r a*-rG o*) _ 

2L{C-Ka^) 

= — 7 ± ; w (38) 
Write \* = — a* or a = zt ^ X so that (36) takes the 
form 


cos w, < sin s TT a: 

(45) 

If the losses are zero (r = g = G = 0), thenj9 = 0 and 
equation (38) reduces to 

, _ ^ V-4 L(C-K o*)o" _ . X" 

“ ’ ‘ ^ VL(C -h K X*) 

= dhj CO. (46) 


= ±3 


2L(C- Ka?) 

S* IT* 

V'I'(G+2i:s*7r*) 


„ sinh 9 a; 
e = E—r 


sinh/9 


+ [A sin X a:. cos CO i 


and the solution for zero losses therefore is 

00 

2 cos s TT 


s TT 


-f.BsinXa:.sincof-|-C cos X x . cos co t 

jD cos X ar. sin CO <] (39) 

Comparing this equation at i = 0 with equation (24) 
for the initial distribution it is evident that C = 0 and 
X = s IT (40) 

and the corresponding values of y and co are determined 
from (39). When a; = 1, equation (40) gives 

e = S -f 2 (P ^ cos s TT (41) 

and since e - E at x — 1 it follows that C = D = 0. 
Therefore, 

GO 

e = jE? (^. cos CO, sin co. t) 

S «*»1 

sin s TT a: (42) 

The A, coefficients are determined by a comparison 
with equation (20). Putting i = 0 in (42), equating to 
(25) and expressing the sinh as a half-range.sj«e series 
there is 


/ O'* \ . s® ar* t 

I 1~i —— I I sm s ar X cos —===== (47) 
Va* + s* ar*; VL(G-f X s* ar*) ^ ^ 

This equation caimot be obtained by a direct applica¬ 
tion of the Heaviside expansion theorem. 


Solution for Isolated Neutral 
As mentioned in the last section, the Heaviside ex¬ 
pansion theorem breaks down when applied to the solu¬ 
tion of the differential equation given in this Appendix 
as equation (12). The author wrote to Dr. E. J. Berg 
of Union College for an explanation of the failure of the 
theorem. In subsequent ffiscussions between Dr. Berg 
and his associates. Dr. J. J. Smith pointed out that the 
Heaviside expansion theorem depends upon an expan¬ 
sion in terms of partial fractions, and that in the par¬ 
ticular problem, functions are encountereci which do not 
lend themselves to such an expansion. Professor S. J. 
Haefner then modified the procedure so that the solu¬ 
tion could be obtained by operational methods closely 
allied to the Heaviside expansion theorem, but in cer¬ 
tain respects more extended in scope. The following 
operational solution of equation (12) for the case of an 
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isolated neutral is by Haefher’s method, and is given 
here pending a more detailed and rigorous treatment by 
him. 

Rewriting eq[uation (12) symbolically 

(D*- LKp^D^+ LCp^) e = 0 (48) 

where D = b/b x and p = b/b t. 

The operational solution to (48) then is 
e=A sinh X x+B cosh X x+A' sinh X' x+B' cosh X' x 
where the roots of (48) with respect to D are 


LKp^ 

2 




4C 


V y LK^p^ / 


(l + Jl -^ 

The current is 

. A' cosh X' a: + B' sinh X' x 


Y (X,) = E cosh \,x = E cos (2 s— 1) (58) 

Therefore, using both forms of (54) there is 
« = 

. - 2E2(-l)-cos(2s-1)^/\ 


I cos(2s-l)ara;/2 , X* 

(2 ,-l,x/2 


from which the half-range cosine series for E is easily 
obtained. 


A cosh X a: -f- B sinh X x 
X 


p._ oir^f eos(2s-l)7ra;/2 

E--2E2i(-ly (2,-1) ,/2 

1 

Substituting (59) in (48) and making use of (60) 

LCp- • 


For an isolated neutral 

i = 0 at a: = 0 | 
e = Eata: = l J 

Therefore the terminal conditions are satisfied by 
A = A' = B' = 0 1 
E 


cosh X 


X* = — 
(2j 

(51) becomes 

00 

e = E + 2E'^(- 

(52) 1 


(28-iy-^ +LKj^ 
4 


. p , nr.'S’r iwC 0 s( 2 s-l)ara !/2 
e-E + 2E 2,(-V ( 2 ,_l),r /2 


and the solution is 

e = E 


C + K(2s- ly 7rV4 




„ cosh X X 

e =E -i-v- 

cosh X 

Now the partial fraction theorem gives 

Y(\) ^ Y (X.) 1 

Z(\) - ^ Z> (X.) (X - X.) 

i= 1 

_ y (0) . ^ Y (X.) , 

Z (0) 2j X. Z' (X.) \ 


- F 4- 2 F 'S’ r 1^. cos( 2 s-l) 7 ra ;/ 2 

-E + 2E2,(-1)* (2s-1)t/2 


a* -I- (2 s - 1)* irV4 


cos <a, t 


where 


Y(\.) 

X. Z' (X.) 


(^) 


where X, are the roots of Z (X) = 0. Applying (54) to 
(53) there is 

00 

Z(X)-coAX-Tr[l+- g,-T).„. ] (55) 


_ (2s- l)»7rV4 _ _ 

VJ^ C + L E (2 s - D* 7rV4 ^ ^ 

Appendix II 

Negligible Mutual Inductance and No Losses 
The fundamental circuit equations are 
_ d* e 


.*. X, = d= y (2 s -1) 


dZ(X)l 

^ =sinh (X,) = ±y sin (2 s—1) 




= E , 

da; d lE 

- 

(1) 

(56) 


_ be 

d 



ii 

bt ~ 

^ (»l + »*) 

(2) 

TT 





* 2 

d e 

bit 



(57) 

d X 

bt 


(3) 
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From these three equations the differential equation 
is 

_ _ b*e d* e 

da:2d<* + ® 

or substituting p = b/bt and rewriting in symbolic 
notation 

LCj^ 

bx^ ~ KLp^ + 1^ = ® 

The solution to (5) with respect to a: is 

e = A e*^* 4- B e-^* (6) 

where 

0- _ JUMZZ (7) 

y KLp^ + 1 

Prom (2) and (6) the total current in the series path is 
C-^dx = -f- (A 6*"®- B €-<'*) 

The terminal conditions are 

e = E atx = 1 "i 

Z (p) i=e at x=0) (9) 

Prom (6), (8) and (9) the integration constants are 

^ ^ CpZip) + 0- _^ 

CpZ (p) cosh <T + <r sinh <r 2 

g ^_ pZ (p)~ a _^ (1®) 

CpZ (p) cosh cr + <r anh c 2 

and substituting (10) in (6) tha-e is 

^ _ C P Z (p) cosh ax + <r sinh <t x ^ Y (p) 

CpZ ip) cosh <r + cr sinh <r ^ H (p) 


and from (7) 

In the general case, the roots of (16) must he found by 
methods of approximation. 

dH(p) / / . , _ O’ \ /. O’* \ 

d 

+ p, cosh <j C -j^ \p Z (p)]p .p, (18) 

This is as far as the generalization can be carried. 

If the neutral impedance is a capacitance C, then 

and the last term of (18) vanishes. Now substituting 
O’ = J ? equation (16) becomes 


Co ■ 1 

= cotf = — 


JL_J1. 

3 45 


Yjp) 

Hip) 


This operational equation may be solved by the Heavi¬ 
side expansion theorem 


Y(P) Yio) 
Hip) - Hio) 


4 . 

+ ^ p.H'ipo) 


where the summation is to include all of the roots of 
Hip) = 0 

Applying (12) to (11) there is 

Y ip) = CpZ ip) cosh (TX + a- sinh a x (13) 
H ip) = C pZ ip) cosh ff + sinh cr (14) 

Y io) Z id) pLx / 

Hio) “ Z(o)-|-pL X 

p~o 

The roots of (14) are given by the transcendental 
equation 

C p Z ip) 

tanh <r = - —(16^ 


+10 i’« -I-105 -H ^ 1575 - 4725 ^ f*- 4725 ^ 0 

from which the most important roots of (16) may be 
determined by approximations. Suppose that this 
has been done for a specific ratio Co/C. Then by (17) 

VLiC + l^K) (21) 

Substituting (13), (15), (18) and (21) in the expansion 
formula (12) there results, 

. , 7 , Ccosfa;-C.fsinfa: 

e-E-2 E2 j-^ . -J^cos w t 

Co( sm r -1- ) f ( 1 + ) 

V cosf/ \ O'* / 

( 22 ) 

where the roots are given by equation (20). 

For a grounded neutral, Z ip) = Q and (16) gives 

sinhcr = (rlT(l + -;^)=0 (23) 

from which 

<r = ±yf = ST (24) 

and the solution is 

00 

_ , „ ^ cos S T 
e = a: £? -f- £? >.-- 

^ S T 
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For an isolated neutral, Z (p) = », and (16) gives 
cosh ff 
from which 


FT fi 4- 

4 <r® 1 

M 1^ + 

X* (2 s — 1)® J 


0- = 


. (2 s - 1) T 


and the solution is 


sins 7r/2 
S TT 


s = £; + f2 

1 

16 STTX 

s* TT® + 4 a® 2 


cos 


ST t 


(27) 


VI<(4C + irs®7r®) 


(28) 


when K = 0 and a = VC/K'^ this equation 
reduces to the equation of an open end transmission 
line, or 


^ r, sin s x/2 

= £? + 4 ^•| ^-cos 

s X 


s xa: 
2 


cos 


S T t 

2VLC 


(29) 

The Heaviside expansion formula may be used for 
solving equation (11), whereas the method fails when 
applied to the differential equation of Appendix I 
(which includes mutual inductance). For this reason 
it is feasible to use the less general equations of this 
Appendix II when investigating the effect of neutral 
impedances. The suggestion is offered as an alterna¬ 
tive to the method described under Part V of the paper. 



Field Transients in Magnetic Systems 

A Study of Field Transients in Iron Gores Partially Laminated 

and Partially Solid 

BY ERNST WEBER* 

Associate, A. I. E. E. 

Synopsis.—The complete mathematical sohttion of applying expressedby means of a time constant of the magnetic field, composed 
suddenly a d~c. voltage to an electromagnetic circuit composed of an of the time constant of the electric circuit and a fraction of a new- 
electric coil with a partly laminated and partly solid iron core defined time constant of the solid iron part due to the eddy currents 
containing an air-gap is presented in this paper. Starting from in that part. The importance of this result is illustrated by its 
Maxwell's field equations for the eddy currents and the magnetic application to a numerical example and to the effectiveness of quick 
field in the iron core, the solution of the time conditions is reached response exdtalion in the case of large synchronous generators, 
with the aid of Heaviside's operaiional calculus. The result is Finally some other important applications are discussed. 


I. Introduction 

HEN switching an electric circuit on or off 
without an iron core or with an iron core of 
constant permeability and infinitely thin lami¬ 
nations, the current and the field (the magnetic flux 
may be designated shortly by the word “field,” while 
the vectors of the magnetic field 2? and B may be called 
magnetic field strength and magnetic induction, 
respectively) have the same form of time variation,^ 
i.e., the same “time constant,” by which the exponential 
curve can be easily characterized. In the case of a 
solid iron core, eddy currents arise when any change 
of the exciting current occurs, due to the law of indue-, 
tion. This case was generally treated*’*’^ as a special 
problem of the decay of a magnetic field when switching 
off ihe circuit rather than considering the true condition 
of the interlinkage of the eddy currents with the excit¬ 
ing current. In this case of the special problem the 
time constant of the decreasing magnetic field may be 
defined.® 

A further investigation of this subject lead to the 
solution of a periodically alternating field in a magnetic 
circuit with solid iron core.® This treatment also 
neglected the interlinkage of the eddy exurents and the 
exciting current. Later the effect of the eddy currents 
was r^laced by a secondary electric circuit.’ In 
this case the solution was obtained as in the treat¬ 
ment of coupled electric circuits. This method of 
solution is given to avoid the use of the field equations, 
but the results with respect to tiie magnetic time 
constant are not sufficiently accurate. 

Having the solutions of the decay of a magnetic field 
and that of an electric current separately and without 
interconnection, the problem is, how to combine the 
time constants to get the real time constant of the 
magnetic field in cases where finite changes take place 
and the interlinkage of the eddy currents with the 

•Polytechnio Institute of Brooklyn, Brooklyn, N. T. 

1. For references see Bibliography. 

Presented at the Summer Convention of the A. I. E.E., Asheville^ 
N. C., June SS-S6,19S1. 


exciting current cannot be neglected. It might be 
supposed that the arithmetic addition of the time 
constants would be a satisfactory approximation; but 
this paper proposes to show that this method of treat¬ 
ment leads to large error. This cannot be readily 
proven by experimental procedure, because there are 
so many influencing factors. 

This matter is very important in certain practical 
applications of electrical engineering. The need of a 
general mathematical solution is, therefore, necessary, 
Probably the mathematical difficulties have precluded 
the solution heretofore. But in Heaviside’s operational 
calculus®’* a very convenient and useful method is 
made available to extend the field of solutions. 

11. Mathematical Solution op Switching on an 

Electric Circuit Having a Partly Laminated 
AND Partly Soled Iron Core Containing 
AN Air-Gap 

1 . Mathematical Statement by Maxwell’s Field Equa¬ 
tions. To obtain a mathematical solution of the 
proposed problem, it is not necessary to consider the 
complicated magnetic structure of an actual generator 
but rather assume the relatively simple case of a 
torroidal iron core containing an air-gap of length 8. 
The iron core itself consists of a solid part of length I, 
and a laminated part of length h as shown in Fig. 1 
and Pig. lA. The excitation is given by an electric 
circuit connected to a d-c. voltage source. 

There are three circuits to be considered, two electric 
circuits, the exciting coil and the eddy current circuit 
in the solid core, both interlinked by the magnetic 
circuit. When switching on the d-c. voltage, it is 
assumed that no eddy currents will occur in the lami¬ 
nated part due to the thinness of the laminations. 
But in the solid iron part eddy currents will appear 
which will oppose the increase of the magnetic field. 

The mathematical statements for the switching 
phenomfflion will be given in the so-called practical 
units, which means that the magnetic field strength is 
measured in amperes per centimeter, the electric field 
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strength in volts per centimeter, the absolute perme¬ 
ability constant 11 in farads per centimeter,*" and the 
electric conductivity A in mhos per centimeter. For 
convenience it is assumed that IT is a constant quantity 
not only with reference to the cross-section of the solid 
iron part but also with respect to time. The influence 
of temperature on the eddy currents as well as on the 
electric current will be neglected. 

It would be possible to start from Maxwell’s field 
equations directly in the differential form. But it is 
more convenient and' desirable to establisli the equa¬ 
tions in the integral form.**’*" The electric current 




Fio. lA-"-SiiowiNa TUB Lamination oic thb Laminated Ikon 

Core 


in which S means the leakage inductance, and N desig¬ 
nates the number of turns of the exciting coil. 

The flux in the iron core is composed of two com¬ 
ponents. The first component, the flux density or 
magnetic induction fit = II*, H,, with the air-gap field 
strength Hi, is produced by the exciting cuirent. The 
second component, the flux density or magnetic induc¬ 
tion Bi = TToI?!!, with the air-gap field strength H^, 
arises from the eddy currents in the solid part of the 
iron core. The total flux in the iron core is given by 
the integral over the cross-section 

= ujf (,Hi+Hi).dA (2) 

A 

The field strength Hi is connected with the electric 
current by the closed line integral 

^Hidl = N.i. (3) 

Since H j designates the field strength in the air-gap in 
amperes per centimeter, we get the part of the integral 
given by the air-gap as 5 Hi, whereas the part of the 

^ g 

integral due to the iron path is given by-. Hi 

where m designates the relative permeability of tlie iron. 
Introducing these expressions in (3) we get, abbreviating 

( 5 ) . H, = r . H, = H . L (3a) 

in which I' is the equivalent length of the iron core and 
air-gap. The field strength produced by the eddy cur¬ 
rents and its interlinkage with these currents is ex¬ 
pressed by a similar equation in which the left hand 
term gives the difference of the two line integrals shown 
in Pig. 2, and in which the right hand term gives the 
enclosed amount of eddy currents. If the density of 
these eddy currents is designated by G, the line integral 
equation becomes, 

l'.Ha(r)-Z'.[H,(r)-t--*y^.dr] 


HccUon tlirough a*b 

through the coil produces the magnetic field not only 
through the iron core but also in the surrounding air. 
So the total magnetic flux <I> can be subdivided, for 
convenience, into 4»,-, the flux in the iron core, as 
it would be measured by any loop situated as shown 
in Pig. 1, and into the leakage flux 4>„, which can be 
assumed proportional to the current. Under these 
assumptions we get for the electric circuit, summing 
up the voltage drops and equalizing them to the im¬ 
pressed voltage y, the following differential equation: 


= JJ G.dA = l,.G.dr. (4) 

A 

Prom this we get the differential equation 

^ Hi ^ U — 

^ ~ p • G — .A E, (4a) 

in which E — the electric field strength due to the eddy 
currents according to Ohm’s Law. The eddy currents 
are produced by the change of magnetic field in the 
solid iron part. The law of induction applied to the 
solid iron part gives (refer to Pig. 2a) 
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Since we have no variation of the quantities E and B 
with the angle <p, we may then write 

d r 

ZrTrE = - -^(2x.J rBdr). 

r 

By differentiating the above equation with respect to 
r we get, remembering B = Ho (Hi + Hi), 

-^(rH) =-rno.-^(Hi + H,). (Sa) 

The differential equations (1), (2), (3a), (4a) and (5a) 
give the mathematical statement of the entire problem. 
2. Introduction of Heaviside’s Notation; the Differen- 



Fig. 2—Representing the Line Integral of the Magnetic 
Field Strength 



Pig. 2a—Showing View a-b prom Pig. 2 and the Cylindrical 
Coordinate System 

Uod Equation for Uie Magnetic Field Strength Due to the 
Eddy Currents. The differential equation for the 
magnetic field strength due to the eddy currents is 
derived from the combination of the above five general 
equations into one equation containing only the func¬ 
tion Hi. In doing this, the most convraiient method is 
the application of Heaviside’s notation by which the 
time variation may temporarily be eliminated, leaving 
only the radius r as the variable. 

Proceeding in the elimination from the above equa¬ 
tions to obtain the final differential equation, let us 
combine equations (4a) and (5a) to give. 


r &*H* 

1 dHs*| 


d 

L dr® ■ 

^ r ' dr J 

- A TT 

— • A 11 0* 

bt 


(Hi -t- HiJ 


( 6 ) 

The partial derivatives with respect to time may be 
replaced by the total derivatives, because all circuits 
are relatively at rest. 

Introducing Heaviside’s notation of his operational 
calculus,®’® we may replace the total differentiations 
with respect to time by the symbol p. Beginning with 
equation (1), we write it in the form 

(R+pS).i = V.l — Np^i. (7) 

The ssrmbol 1 designates Heaviside’s unit function. 
Introducing for the above flux 4><, its value from equa¬ 
tion (2), we now have separated the two magnetic 
field strengths. Since Hi depends only on the current 
and is constant over the entire cross-section, we may 
integrate this expression over the cross-section and 
replace Hi from equation (3a). Doing this we obtain 

(R + pS)i = V .1- N pTLo' —j- jr i 


— N P To Sf Hid A. (7b) 

A 

The product of the magnetic flux due to Hi and the 
number of turns is identical with Lo i, where Lo stands 
for the fictitious inductance (without eddy currents) 
of the flux in the iron core produced by Hi. Infroduc- 
ing this expression in (7b) and shifting all terms pro¬ 
portional to the current to the left hand side, we get 

{R + pS + pLo)i = y.l-HpHo// Hid A 


from which the operational solution of the current is 


y. 1 — H p Ho. // Hi. d A 

i ---- (8) 

R p S p Lo • 

We may indicate the denominator by the symbol P 
as the transient impedance of the electric circuit: 

P = R p (Lo -f- S). (9) 

Hence, 


i 


p ^ p 


■p 



Hid A. 


( 10 ) 


In order to eliminate Hi of equation (6) substitute i of 
equation (10) in equation (3a). Writing this in opera¬ 
tional form gives the final differential equation for the 
magnetic field strength due to the eddy currents, as 


d®H. 

dr® 



dHi I, 
dr ~ V 



1. 




A HopN 
P 



ZrNTLo 



( 11 ) 
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^ S. The Operational Solution for the Magnetic Field 
and the Electric Current. The left hand side of equation 
(11) is a differential equation in r leading to the special 
solution for the magnetic field strength The right 
hand side is merely a function of the time, not depen¬ 
dent on r. Therefore, the total solution of (11) may 
be given as the sum of the solution of the so-called 
homogeneous differential equation: 

Id ff 2 1. 

dr^ + r - — •Anopif 2 = 0 (12) 

and a partial integral of (11) as any arbitrary function 
of p. The general solution of (12) is easily given in 
terms of Bessel functions of the first order and of the 
first two kinds” ■ 

H, ' = C.Jo(Kr)+D.No(Kr), (13) 

in which C and D are arbitrary constants of integration. 
Introducing this solution in (12) we get 

^ ~ ~p . AlIoP =3 —A— . A Ho. •v/ p. (14) 

The partial integral as a single function of p may be 
written as. 

Hi" = F{p). (IS) 

The composition of (13) and (15) gives as the total 
solution 

Hs = Hi' + Hi" = C Jo (Kr) +DNa(Kr) +F (p). 

(16) 

To determine the integration constants C and D and 
the arbitrary fimction F (p) we have first two boundary 
conditions to introduce. At r = 0, ttie electric field 
strength of the eddy currents disappears, because we 

d 

have a circular current. Atr = —the magnetic 
field strength of the eddy currents must disappear, 
because beyond r = g thsre are no eddy currents. 

Introducing equation (16) into (4a) gives 

j,_ Jl _ 1_ dHi 

I. ‘ A ' dr 

I' 1 ^ 

= - — '—[-CKrJi(Kr)-DKrNi(Kr)] 

From the first boundary condition putting r equal to 
zero, Ji (o) =0 and Ni (o) = a>. Therefore, D must 
equal zero, 

Z) = 0 (17) 

Observing (17) we get by tibe second boundary condition 

= C. Jo ^ J? 2 ^ + 'P’ (p) = 0 



and from this 


C = - 




so that we now have from equation (16), 


Hi = F(p) 


r Jo(gr) -| 


The solution (19) entered in (11) must satisfy 
this fundamental equation. The required integral 

d/2 

J HiT dr m. (11) may now be solved with the aid of 

r *0 

(19), giving 

df2 

f H.rdr 






Introducing now (19) and (20) in (11), ^ves 
f d*Tr r 

F(p) —j-.Ho.piM 1 




and, ilierefore, the arbitrary function F (p) by the 

operational expression becomes 

Fip) 


I' ' “ i d \ -\ 


( 21 ) 

Replacing (21) in (19) and simplif 3 dng gives the final 
operational solution for the magnetic field strengtii in 
the form 
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Jo ^^(R+pS)+2p Lo Ji 


( 22 ) 

The operational expression for the ciirrent given by (8) 
may now be changed using (20) and replacing F (p) 
by (21) into 
i= 


( 


-] 

)• Jo j 

k 2 ; 


(«4; 

|j.( 

i'l) 

• (iZ-j-piS) ”h2p 2 jo 1 1 

< 2 / 


(23) 

The total magnetic flux in the iron core as given by 
equation (2) now becomes 

Lo 




(k I) J.(k |-) ■(« + p S) + 2 pi. J,(k i) 


.VI 


(24) 

i. Conversion of ihe Operational SohUions into Real 
Time Functions. Heaviside’s unit function is known 
as the complex integral®’* 


1 = 


1 

2 IT j 


+J00 

X 

“J® 



(25) 


where p means any variable in the complex plane. 
This time function is to be applied to the magnetic fleld 
strength given by equation (22). Introducing (22) 
in (25) gives the rather complicated complex integral 

H JL JL 

I' *2 tX' 



-Jto 


( 

'k 

2 /* 



JodiTr)] 



d') 

2J 

1 

'k 

1 ) 

(R +p S) +2 p Lq Ji ^ 

< 

1 ) 


.- dp- (26) 

P 

The evaluation of this integral depends on the integrand. 
We may prove tiiat in tins case the integrand is.a rational 
function of p. Since the Bessel functions are generally 
given by the power series.’*’^* 


r/N (»/2)* , (x/2y _ jx/^ 

J 0 (x) — 1 1 p 2 P 3 !^ ' 


Jl(*) = 

+ 


1 - 


(x/2y 


1 !2 ! 

(x/2y (x/2r 


213! 3!4! 


+ - . 


(27) 


in which a:, the argument, is identical with ^ K ^ 


in (26), it may be seen from that equation that V p 
throughout the fraction and that, therefore, the 
fraction is a rational function in terms of p. 

In the case where the integrand of a complex integral 
is a rational function of the variable, it is permissible 
to replace the int^jal by the sum of the residues. 
This theorem in connection with the time function is 
known as Heaviside’s expansion theorem.® So that, 
in other words, we may apply to the complex operational 
solutions, the general expansion theorem. It may be 
emphasized that this holds only in the case of rational 
functions in p. 

For convMiience replace the fraction in (26) by the 
s 3 mibolical expression 


H, 


K. . JL T 

l' 2 xj Z (p) p 


and readily obtain a solution in time functions as 


N 



•y 


Y, ( 0 ) 
Z(s>) 


+ 



Y^{p) 


d p 


Z ip) 



(28) 


whereby 

(p) = ( x-|-) • [/o ( K- Jo (X r) ] 

(29) 

2(P) “ ) • («+ 

+ 2Ji(k-|-)- pL, • (30) 

Now the problem is to find the roots of the denominator 
function Z (p). 

In the case of the current we have again to prove that 
the int^rand in (23) is a rational function in p. This 
also may be proved by means of equations (27). For 
convenience we introduce for the numerator function 
in (23) the symbolical expression 
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)j„(x-|-)- (31) 

The development according to the expansion theorem 
gives 


of the magnetic flux. Introducing jK: = 0 in (33) and 
(30), the steady state member in (34) becomes 

y^(o) 1 Lo y 

Z(o) ~ R • 'h^co - , (37) 


y,(o) 

r (P) - 


Z{o) 

d 


P Z (p) 

/I 

«l 

dp 

J 


(32) 

The total field flux is given by equation (24). Denot¬ 
ing the numerator function by 

YHp) ), (33) 


we can prove also in this case the integrand to be a 
rational function in p. In terms of the expansion 
theorem the expression for the total field flux becomes, 




L., y 


^ (of 


+ 




(34) 

5. General Discussion of the Results. Now it becomes 
necessary to establish and check the time conditions 
of the problem. The eddy currents arise when switch¬ 
ing on the electric circuit and they disappear under 
steady state conditions, because we have direct current. 
The steady state term is given in equation (28) by 

(o) 

Z \o) become zero. Prom the definition 


of K by equation (14), it is evident that p = 0 if If = 0. 
Introducing the latter values in the equations (29) 

and (30) gives after canceling ( K ^ 


Y« (o) _ 0 

Z(of - R" 


(3S) 


The steady state terms of the magnetic field strength 
produced by the eddy currents are therefore zero. 

The steady state value of the electric current i is 
given, since we have d-c. voltage, by 

y 

j'l a to ' (36) 


Since after canceling ^ — j equations (31) and 

(30) give 

Yi (0) _ J_ 

Z(o) ~ ' R > 


from which (36) checks as a result of (32). 

Finally it is necessary to check the steady state term 


which value is found to be correct. 

The dimension of p, must be 1/sec. because p,t as 
the exponent of the exponential function has the dimen¬ 
sion 1. By observing these values we can determine 
the dimension of K. The argument of the Bessel 


function 


( 



) 


must have the dimension 1. 


Since K is given by equation (14) we get for the root 
term the condition, 

“ ( ^ T- ) -1 --o ()■ \( TT-■ n- ■ V? ) • 

This means that the expression under the first root sign 
has the dimension of time which we may designate as d 
and call the magnetic time constant for the solid iron part. 


e = 




sec. 


(38) 


This time constant will be of great importance in the 
following considerations. Its physical meaning is 
similar to the electric time constant given by 

r. - . (39) 

where Lx de^gnates the total inductance of the electric 
current from the relation 

L| = Lo H- 5. (40) 

As mentioned before, S indicates the leakage inductance 
and Lo the inductance of the magnetic flux in the iron 
core only. Therefore the electric time constant may 
be decomposed into 

yj = _:|l . (41) 

To may be called the fictitious magnetic time cmstant, 
holding in that case where the current and its field have 
the same shape, no leakage being present. 

The roots p, must have negative and real values, 
therefore, for convenience we may define a new quantity 
by 

d Pp = - . (42) 

The argument of the Bessel functions takes the real 
values 


j V d p, = = K (43) 

It is useful to change the expressions for the magnetic 
field and the current into functions of tiiis new variable 
q. First introduce q in the numerator functions getting 



1240 


WEBER: FIELD TRANSIENTS IN MAGNETIC SYSTEMS 


Transactions A. I. E. E. 


5^2 to) = + 9 • 1^ (?) — ^ 9 ^ ^ J 


Yi (q) ^ + q. Jq (q) 
(?) = + 2 . Ji (q) 


(44) Z(g) = g-^[jo(?)(^-«*<r)-Jx(g).2g]. (47)' 


Putting Z (q), as given in equation (47), equal to zero 
we have the transcendental equation for the roots 


The general denominator function Z (p) may be 
changed into 


Jo(Q) 

Ji(Q) 


2q 


(48) 


Z (g) = ?. Jo (g) ( 5 ) - 2 Jx 


f JQ 

Taking q as a constant factor gives 


g* 

(g) * U. 


To 


— <T (f 


The solution of this equation (48) will be given in the 
next part. But we can see already the importance of 


the so-called relative time constarU 


e 


I/or ^ 

^ (g) = g -j- * I Jo (g) • -jt 


s 1 

- g* ‘Jo (g) - 2g Ji (g) J . 

Here we may introduce for the factor 

S 


It is also necessary to transform p -j— Z (p) into a 

Uf ^ 

function of q. Introducing (42) and (43) in the deriva- 
(45) gaieral function Z (q) (30) and with some 

Amplification we obtain 


d _ . . 1 1 Lo 


[p-^^(p)] =-i-? 


2 e 


(g)-[ 


e 

To 


Lo 


= (T . 


(46) -g*(S(7--b2)]-gJi(g)[^- (g*<r-2)] | 


J 

(49) 

The ignnbol <r is called the “leakage coefficient" as it is 

used in the design of electrical machinery and trans- final expressions for the magnetic fiAd strength Ho, 
formers. It is the ratio of leakage flux to useful flux, the current i and the total flux in the iron core are 
Hearranging (45) gives the final expression to be found as 


fl, = 2,.: 


i = 


= 


VTo 

N 


e N V ^ 

ft/o (?) ” Jo 1 

f 2r ' 
d . 

) 

•To 1' R ^ 

. . y *» 1 

Jo(g) 


— 

g Ji (g) 





<1= Vv 


(50) 


i+2^-'^r —j=— g --iV’"'" 

^0 ^^lJoiq)\_-^-qH2(r + 2) ^-qJ^iq).^_-^-(q^<r-2)^jo-<,. 


(SI)' 


1+4-f-2 


V* 1 


— •Ji(g) 


Jo(g)[-^-g*(S<r-t-2)] - g Jx (g)[-|-- (g*<r-2)] 




J 


( 52 ) 
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III. Practical Use op the Theory and Discussion 
1 . Determination of Oie Roots of Z (q). Before apply¬ 
ing the above equations to special problems it becomes 
necessary to detamine the roots of Z (q). The funda¬ 
mental equation for the roots is givm by 
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e/To 


10 


20 


40 


4^1 


. 1.646. 1.965. 2,168. 2.285 

^2 -. 3.964 . 4,400 . 4.900. 6.20 


Jo (g) 
Ji (.9) 


2q 


8 


— 0* 


(48) 


. 6.886. 7.436. 8.05 

. 9.694 . 9.94 .10.66 

^2.38 .12.44 .12.66 .13.19 

.16.47 .15.66 .16.77 


The unknown quantities in this expression are cr and 
d 

• The leakage coefficient <r may be assumed to 

have the value 0.25 as is commonly found in electrical 
machinery. Introducing this numerical value the 

^ d 

roots g. become functions only inwhich will ap¬ 
pear as a determining parameter. 


2. The Curves of the Magnetic Field and of the Cur¬ 
rent. The final expressions for the current and for the 
total flux in tiie iron core are given by (51) and (52). 
They may be written ssnnbolically: 


To 


(54) 


V »1 

+ (55) 


^<00 



in which the steady state values of current and field 
have been designated by %«> and ^foo, respectively, and 
the exponents have been changed by the introduction 

a 

of To to maintain the form of the parameter as 

To 

follows: 




(53) 


Fig. 3—The Determination op the Roots op Z ( q ) 

The solution of the highly transcendental equation 
(48) can be given eithw graphically or by approximate 
calculation. To obtain the results more precisely we 
shall combine these two methods. To obtain a graphi¬ 
cal solution as a first approximation plot curves for the 
left hand side and the right hand side of equation (48), 
and locate the intersections of these two families of 

curves. In Fig. 3 is shown the family of curves *4^4^. 

Ji (?) 

the left hand member of (48) which are similar to the 
function tan q having a variable frequency. The 
curves of the right hand side have involve the param- 

8 

eta- for which the numerical values 5, 10, 20, 

and 40 have been arbitrarily chosen. From Fig. 3 
the abscissas of the intersecting points may be taken 
as a first approximation and their numerical values 
may be cheeked by calculation of the ordinates. Table 
I shows such calculated results. For more detailed 
explanations see the mathematical Appendix 1. 


The time scale is changed into a relative time scale 
t 

-jr, as seen from (53). The expressions (54) and (55) 

in the given form can be readily compared with the 
solution in the case where no eddy currents are present: 

i -h- 

-T— =1-6 
««. * 

The single term in this last expression has to be replaced 
by the sum in (54) and (55). From Table II and III 
the values of the harmonic amplitudes I, and Fy may 

6 

be taken as functions of . The amplitudes of 

A 0 

higher order become positive according to the fact that 
the total sum must be equal to minus one. 

To get the magnetic field aud the current as time 
functions, the amplitudes as shown in Tables II and 
III are to be multiplied by the exponential time-func¬ 
tions. The results may be seen in Fig. 5. For detailed 
explanation see the mathematical Appraidix 2. As 

8 : ; ■ ■ 

To curves of the magnetic field have 

decreasing values for each abscissa, considering distinct 

t 


values of the relative time scale 


To 


The time 
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TABLE II—THE PIEST SIX HARMONIC AMPLITUDES Ip OF THE 
CURRENT 


fl/ro 

5 _ 

. 10 

20 

40 

Jl.... 

_-0.619. 

-0.396. 

-0.218. 

.-0.116 


_-0.268. 

-0.324. 

-0.244. 

.-0.132 

Ja.... 

_-0.079. 

-0.169. 

-0.252. 

.-0.177 


_-0.027. 

-0.063. 

-0.156. 

.-0,232 

h.... 

_-0.010. 

-0.025. 

-0.065. 

.-0.189 



-0.011. 

-0.028. 

.-0.092 

Total. . 

_-1.003. 

-0.987. 

-0.962. 

.-0.938 

TABLE III- 

-THE FIRST THREE HARMONIC AMPLITUDES Fv 


OP THE MAGNETIC FIELD 



5 

10 

20 

40 

Fi . 

_-1.000. 

-0.931. 

. -0.86.. 

.-0.790 

P 2 . 


-0.087. 

. -0.15.. 

.-0.158 

F, _ 




.-0.066 


Total... 

.-1.000. 

-1.018. 

. -1.00.. 

.-1.014 


constant of this family of curves must be a function of 

e 

the ratio . The curves of the current show a hi^ 
■I 0 

rate of increase at low values of the time scale but they 
tend toward definite constants at very high values of 
the time scale. 

S. The Time Constant of the Magnetic Field. From 
Table III it will be noted that the first harmonic of the 
magnetic field has very high values compared with the 
harmonics of higher orders. Therefore, the value of 



Pio. 4 —^Thb Harmonic Amplitudes op the Current as 
Functions op the Roots 

the time function is determined generally by the time 
constant of the first harmonic. This time constant is 
given by 


tion (7). The factor F is now a function of • The 

calculation gives the curve in Fig. 6 which shows its 
asymptotic character. The straight line to which this 
curve approaches is given by the first root of the 
Bessel function of zero order, which value** is 2.4048. 

0 

At = 0 the curve of F approaches unity which 

i I 

means that if the solid iron part of the magnetic circuit 
is considered to disappear the time constant of the 
magnetic field will become identical with the time 
constant of the exciting current. The presence of eddy 
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Pig. 6—^The Curves op Field (-) and Current 

(-) As Functions op the Relative Time t/Tn Com¬ 
pared WITH THE Exponential Function (- ) 

currents increases the time constant of tiie magnetic field. 

For practical purposes the fxmction F may be re¬ 
placed very closely by two straight lines intCTsecting one 

e 

another at = 6. The best approximation is given 
1 1 

by 

F = + K 2 -I;-, ,K, = 0.12 if < 6, 

Ki = 0.75, K 2 = 0.175 if -I- > 6. 

JL 1 

(58) 

Introducing these values in (57) the time constant of 
the magnetic field takes the very simple form 

T* = Ti-I-0.12 d if-^^5, 

i 1 


J’* = To. ( -^ // 9** ) (56) 

and for convenience this expression may be changed into 
= = (S7) 


The ratio 



equals 


1 

l + ff 


as may be seen from equa¬ 


6 

T* = 0.75 Ti -1- 0.175 0 if ^ > 5. (59) 

•I 1 

The total time constant T* is composed of Ti, the time 
constant of the electric circuit, and a fr’action of d, the 
time constant of the solid wn part. There is no 
addition of these time constants but only a composition 
of thtir fractional values. This is one of the most im¬ 
portant results in this paper. 

The definition for 6 is given by equation (38). This 
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relation may be simplified if ITo is replaced byitsnumeri- 

cal value 4 tt . 10-» and writing in place of the 

area A of the cross-section of the iron core. Although 
the derivation is based on the assumption of circular 
cross-section, the results may be used in all cases where 
the cross-section is approximately circular. Intro¬ 
ducing this statement, 0 becomes 


0 == 0.4 7 • A —- • 10-“ sec. 
M 

The electric time constant was given as 

m Jkl. " 1 “ °’) 

■ ft = “ ~ft 


(60) 


(61) 


it is easy to see that 0 depends upon the dimensions of 
the solid iron part, that is, the area of its cross-section 
and its length. In the same manner the conductivity 
and the permeability are influencing factors. The 
electric time constant on the contrary depends merely 
on the parameters of the electric circuit, as inductance 
and resistance. 



Fro. (i- Thk Timk Constant oti-TiiE Maonkitic Firu.n «/<’ 7', 

4. The EquivaieTit Self-Inductance for the Eddy 
Currents. The magnetic time constant as given by 
(57) may be written in the form of the electric time 
constant 



in which L* indicates any fictitious self-inductance with 
respect to the field. Taking from (57) the expression 
T® and replacing Ti by (61) we get the identity 
L® = F‘Li- 

Subtracting the total inductance, the remainder must 
be produced by the eddy currents. It may be called 
the “equivalent self-inductance” for the eddy currents. 
and the expression for it becomes, 

L„=(ft-l)*I„- (62) 

The physical meaning of (62) is that of an additional 
self-inductance, whenever magnetic circuits, containing 
a solid iron part, are considered with respect to a switch¬ 
ing phenomenon. It may be emphasized that this 
increase of self-inductance holds only for the magnetic 


field. The electric current, however, shows, as may be 
seen from Pig. 5, a large decrease of the time constant, 
but the shape of the current curve cannot be expressed 
as a simple exponential function. The assumption of a 
representative time constant has no physical sense in 
the case of the current. 

5, Numerical Example. To get a conception of the 
numerical value of the physical quantities, involved in 
this ^ problem, a simple numerical example may be 
considered. The magnetic circuit may be given by a 
torroidal iron core as assumed in Section 3 and shown 
in Pig. 1. The lengths of the different parts of the 
iron path may be 

I = 250 cm., 5 = 2.5 cm., 4 = 100 cm. 
and the diameter of the cross-section be d ~ 30 cm. 
The material of the solid iron part as well as of the 
laminated iron part may be cast steel with the material 
constants 


7 = 8 Mho m/m m®, p. = 1000. 

The electric circuit is characterized by the inductance 
Lo = 12.77 H, the leakage coefliicent a = 0.25 and the 
resistance ft = 5.72 ohm. 

The magnetic time constant of the. solid iron part is, 
according to (60), 


d = 0.4 * 8 


SO^tt 

“■ 4 ““ 


0.4 


0.01 + 0.001 


10 " = 8.18 sec. 


The electric time constant is, according to (61), 


T, 


12.77. + .25 


5.72 


2.8 sec. 


The ratio r/r- is 2,93, which being less than 6 dictates 

the use of the first values in equation (59). The total 
magnetic time constant becomes, therefore 
r® = 2.8 0.12.8.18 = 3.80 sec. 

The electric time (cmrent) must be increased by 36 
per cent to give the magnetic time constant. Arithme¬ 
tic addition would have given nearly three times this 
value. Consequently the importance of having an 
accurate formula for the magnetic time constant due 
to eddy current effects is made clear. 

The variation of the time constant T® with the length 
of the solid iron part is shown in Pig. 7. It is assumed 
there that the electric time constant Ti has two different 
values, one for each of two different exciting coils with¬ 
out change of the iron core. PYom these two curves the 
influence of 0 relative to the electric time constant is 
made clear. In the case Ti = 2.8 sec., the range of T® 
is from 1 to 2 but in the case 2’i = 1 sec., the range of 
T® becomes 1 to 4.33. 

To lower the magnetic time constant in the case of 
solid iron in any magnetic circuit, it is necessary to 
change the dimensions of the solid iron part as weU as 
to change the parameters of the electric circuit. It 
depends on the ratio of the electric to the magnetic 
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time constant which change will be more effective. 
This can be decided by calculation according to formulas 
(60) and (61). 

IV. Application to Switching Problems in 
Synchronous and D-C. Machines 
1. Quick Response Excitation oj Large A-C. Genera¬ 
tors. In order to improve the system stability under 
short-circuit conditions of short duration it has been 
found advantageous to increase suddenly the excitation 
power input.A measure of the effectiveness of 
this method is thought to be the rate of change of 
voltage at tiie terminals of the main exciter machine 
in volts per second. The rate of change in the magnetic 
field of the generator is obviously much less than the 
rate of change in the quick response excitation voltage. 
The greater the rate of change of the exciting current 
the greater the rate of change of the eddy currents in 
the solid iron part of the magnetic circuit of the 
generator. 

The theory treated in this paper gives a solution in 



Fig. 7 — ^Thb Maoneitic Timb Constant as Function op 
THK Relative Length op Soi.ii> Iron Core in a Special 
Case 

the case of a d-c. voltage suddenly impressed upon an 
electromagnetic system, such as a synchronous machine. 
In the ssmchronous machine as in the torroidal core, 
there is a magnetic circuit partly laminated and partly 
solid. The hi^ rate of increase in the excitation volt¬ 
age may with close approximation be replaced by a 
suddenly impressed d-c. voltage, which value is that of 
the maximum exciter voltage. In the case of an alter¬ 
nator the stator winding introduces a difference in the 
theory thus far considered. Further investigation on 
this subject may take into account the two electric 
circuits that is, the field and stator circuits. For first 
approximation only the effect of the impressed excita¬ 
tion voltage will be considered. The opposing induced 
eddy currents produce a time lag of the magnetic field, 
the time constant of which is given by equation (59). 
This time constant must be made a minimum in order 
to have the best effect in producing a quick response 
excitation. Even the highest inm'ease of voltage in the 
exciting circuit cannot be successful with respect to 
the system stability when the time constant of the 
magnetic circuit is too large. The effect lies in the rate 


of change of the magnetic field rather than in the rate 
of change of the exciting voltage. Equation (59) shows' 
the most economic way to increase the effectiveness of 
tile super-excitation of an alternator without using 
larger exciters. On the other hand it is known that the 
synchronizing torque of an alternator is decreased when 
all parts of the magnetic circuit are laminated. The 
as 3 mchronous eddy currents due to the oscillations of 
the pole system with respect to the system voltage 
vector increase the simchronizing power. 

It is seen, therefore, that there are two opposing 
conditions in regard to the proportions of laminated 
and solid iron parts, and the best proportion may be 
stated in terms of the amount of solid iron to be used 
in an alternator to restrict the magnetic time constant 
to a given limit. The time range in which the effect 
of super-excitation tiiall have become established is 
about 0.2 to 0.6 seconds according to the kind of short 
circuit. The magnetic time constant T* must be at 
least within this range, so it may be taken as an average 
value of 0.4 seconds. The application to other values 
is easily accomplished. It may be assumed that the 
electric time constant Ti is one-half of the total magnetic 
time constant, which means the very low value of 0.2 
second. Then from (57) 

T* = F.Ti, 

in which 

F = 2. 

Fig. 6 shows as abscissas the value 

e 

= 8, or 0 = 8 Ti = 1.6 sec. 

The equivalent time constant for the solid iron part, 

6, is given by (60) and here expressed in the form 

A . I 

6 = 0.4 7 -— 10-< sec. (63) 

5 + — 

M 

In the case of the alternator it is useful to introduce 
A as the volume of the solid iron part. When differ¬ 
ent parts with different dimensions are in series the 
total sum is to be taken. This is permissible only in 
accordance with the proportionality of 6 to the volume, 
as expressed in (63) and furthermore with the propor¬ 
tionality of T* to 6, as shown in equation (59). If 
there were several air-gaps, also the sum of their laigths ' 
must be entered in (63). 

The relative permeability p, as a physical quantity, 
may be usefully replaced by an expression in ampere- 
turns, in order to simplify the application in electrical 
engineering mathematics. Equation (3a) which stated 
that the line integral of the magnetic field strength H\ 
was identical with the sum of the ampere-tums for the 
different paths, gives the definition for p as, 

5 Hi-I-Hi = Ni 
A T (air-gap) -\-AT (iron) = A T (total). 
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So it may be written 
_j_ Ni-SHi 



_ ^ ^ , A T (total) — AT (air-gap) 

I — b AT (air-gap) 

In this definition all the quantities are well knowni both 
m the theory and in the design of electrical machines. 
Finally the conductivity 7 may be replaced by the 
numerical value for cast steel, because in alternators 
cast steel is generally used for the solid iron part, 
7 = 8 Mho m/m mK From (63) it follows, that large 


vg,lues of the air-gap 5, and large values of —the 

len^h of a fictitious air-gap equivalent to the iron path, 
which means low values of permeability for whatever 
kinds of iron are used, are both desirable. Similarly 
low V3.1u6s of conductivity of the iron and a small 
volume of solid iron are advantageous. 

To continue the numerical example, the magnetic 
circuit in the case of an alternator is formed by two 
poles, the connecting yoke, two air-gaps, and the path 
through the stator. 

Let 5 = 2*2 = 4 cm., I = 850 cm., 

A T (total) = 40,000 A, AT (air-gap) = 30,000 A. 
According to (64) it will be found that 

I ^ 350-4 40,000 - 30,000 

M 346 30,000 


and therefore 


0 = 0.4 • 8 


S(F.L) 
4 + 1.35 


10 -* = 0 . 6 . S (FI.). 10 -‘sec. 


whereby the summation is taken over the entire solid 
iron parts in the magnetic circuit. Substituting in this 
e:^resrion the niimerical value 1.6 seconds, the con¬ 
dition is found for the volume of the solid iron as 

1 6 

2 (F-l,) -KH = 2.67.10‘cm.» 


This is the critaion for the amount of solid iron in the 
magnetic circuit to maintain the total magnetic time 
constant below or about 0.4 seconds. 

In each case such a criterion may be easily derived. 
But a general expression for it cannot be given because of 
the transcendental character of the factor F. To use 

the approximation (59), first must be known, but 

the value of this ratio can be determined only at the 
end of the computation, so, therefore, itmightbeneces- 
saiy to repeat the entire procedure. Only the following 
condition of the total volume, of solid iron, as dependent 
on the magnetic time constant d, may be generalized in 
the form 


where 6^ means the critical value of 6 in the special case 
as considered above. 

Generally it is noticed that a continuous increase of 
voltage inst^d of a suddenly impressed voltage, as 
assumed in this paper, would increase somewhat the 
finM magnetic time constant. But this influence is 
neither so important nor laige that it should change the 
theoiy developed in this paper. 

The effect of saturation could be introduced by com¬ 
posing the final solution of a sum of partial solutions 
each holding for a range of the magnetizing curve in 
which it may be considered as an approximate straight 
hne. The suggestion of a standard magnetizing curve*’''** 
might be of great value in appl 3 dng this method of 
getting a general solution. But this method would be 
very laborious. Therefore, the results given in this 
papa* may be taken as a first and apparently very 
important approximation to the final solution. 

2. Other Fields of Application. A very important 
field of application may be found in all magneto-electric 
S 3 ^tems where regulation is influenced by the magnetic 
inertia. 

The large d-c. motors in reversing rolling mills have a 
limitation imposed upon the succession of their different 
processes by the magnetic time constant of a solid iron 
yoke. In critical cases it is of importance to know 
with more precision the real magnetic time constant of 
a solid iron part as a member in the magnetic circuit. 
It is especially important in cases where the speed of 
production should be increased to know the possibilities 
of existing motors and to know what changes should be 
made when the time constant is too large. 

One of the most important fields of application, how¬ 
ever, is in the computation of the short-circuit currents 
in large generators. Such calculations are highly 
inaccurate as evidenced by the p^missible international 
tolerances of ± 30 per cent in the peak value.*® Such 
values are most unsatisfactory when compared with the 
relatively high precision of other electrical calculations, 
and it is hoped that refined methods in short-circuit 
calculations may be prepared in an additional paper 
using as a basis the method suggested in this treatise. 
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Mathematical Appendix 
1. To obtain the curves in Pig. 3 showing tire ratio 


t/Q 

(g) tables of E. Jahnke-F.Emde^® and Gray and 


Mathews^^ are used. For simplification the values of 
the roots of the Bessel functions Jo (?) = 0 and Ji (q) 
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= 0 are marked by making the ratio 


JiiQ) 


equal to 


zero and infinity, respectively. So we get the inter¬ 
sections with the axis of abscissas and the as 3 nmptotic 
straight lines. The slope of the curves in their inter¬ 
sections with the axis of abscissas is given by 

d / Jo (q) \ (9)-*^(9) (q) Jo (9) 

dq\ Ji (q) / Ji* (g) ’ 

and introducing the value Jo (?) = 0 we get the simple 
numerical value 


d / Jo (?) \ / _ 

dq \ Jiiq) ) / ■ 

J'o-O 

2. To prove the calculation of the harmonic ampli¬ 
tudes of the field and of the current, we plot these 
amplitudes against the roots of the denominator func¬ 
tion Z (?). For simplification a so-called "resonance- 
root” of this function may be introduced. Placing the 
denominator of the right hand member in equation (48) 
with cr = 0.25 equal to zero, we obtain the definition 

Taking instead of the roots q, themselves, the ratio qf 
the roots to tins resonance root ?r as abscissas, we get 
the curves in Fig. 4 in the case of the current. The 
value for the fictitious harmonic amplitude at ? = ?e 
may be taken from (51), as after introducing Ji = 0 in 


order to make 


Jo (9) 
Ji (q) 


I (?k) - 2 



_1 __ 

- 275 


Introducing Qb. according to the definition, this expres¬ 
sion becomes 

^ == — 0 , 2 . 

All curves must, therefore, intersect the axis of ordinates 
at a value — 0.2. This is seen to be true from an 
inspection of Pig, 4. 
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Discussion 

H. Poritsky: The author is to be congratulated upon his 
successful treatment of an important subject for which no 
adequate solution has thus far been offered. The example 
chosen, while highly idealizing the actual structure of a generator, 
yet illustrates all the essential features of the problem, and the 
treatment by means of Heaviside’s Operational Calculus, loaves 
nothing to be desired. 

The reviewer wonders, however, whether an equally illustra¬ 
tive yet simpler example could not even further simplify the 


Fig. 1 



problem. Thus, if in place of an iron core a yoke is used such 
as shown in Fig. 1, with width w considerably larger than the 
thickness t, we obtain a case resulting in a one^imensional 
problem in the heat equation. The Bessel functions then 
would be eliminated in favor of hyperbohc or circular functions. 

Again, the case of a long, solid, cylindrical rotor, placed in a 
laminated stator, has been briefly examined by the reviewer. 
This case allows direct treatment along similar lines, with no 
added complexity, yet approximates even better to the actual 
case of a turbo alternator. 
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Synopsis.—The services rendered hy an inierconnection between 
two or more electric power systems may he classified as: 

1. Emergency service—by which assistance is given by one 
system to the other in event of breakdown of equipment or other 
abnormal conditions. 

Load diversity—arising from the non-coincidence of the 
times of peak loads in the interconnected systems. 

5. Firm power—transactions involving a definite advance com- 
mitment by one company to sell power and energy to the other for 
use in lieu of installed capacity. 

Storage power—hy which off-peak energy from one system 
is converted into peak capacity in the other through the medium of 
storage. 

6. Intra-company use referring to the use of interconnecting 
fadliiies for the internal purposes of one of the parties. 


6. Economy flow—by which generation in one system is re¬ 
placed by more economical generation in the other system; and 

7. UnirUentional flow. 

The foregoing services may be evaluated, as far as capital cost 
is concerned, by determining the aggregate saving in generating 
capacity and multiplying hy the estimated cost per kilowatt of 
generating capacity and then comparing the result with the capital 
cost of the interconnection. 

The more important annual-cost comparison is made by: 

1. Determining the difference between the fixed charges on the 
avoided generating station investment and the fixed charges, including 
operation and maintenance, on the interconnecting facilities. 

2. Deien'mining the saving in fixed element of production expense 
arising from the avoided capacity. 

S. Determining the change in the variable element of production 
expense due to interconnection. 


word interconnection as used in this paper refers 
J_ to the physical tying together of two or more 
independently owned or managed electric systems 
for the purpose of realizing financial benefits or im¬ 
provement of service by the interchange of power and 
energy. The subject of interconnection may be con¬ 
sidered under the following divisions: 

1. Classification of Services 

2. Evaluation, Economics 

3. Contract 

4. Design and Construction 

5. Operation 

of which this paper deals only with the first two. 

I—Classification op Services 
The determination of the economic merits of an 
interconnection, its evaluation, is much facilitated by 
an orderly and logical classification of the services which 
that interconnection will render. Recognition of the 
various classes of service is not only helpful but is quite 
essential in the preparation and application of the 
interconnection contract, as each class of service re¬ 
quires different provisions and rates of payment. Such 
classification is helpful in rationalizing design,—^for 
instance in determining whether the services to be 
rendered by the interconnection warrant a double 
circuit or only a single circuit. The various services 
are of course the substance of operation. 

What is offered here is not intended to be an enu¬ 
meration of the benefits rendered by interconnection but 
rather a de lineation of types of transactions which take 

♦Intoroomiection Engineer, Public Service Electric and Gas 
Oo., Newark, N. J. 

Presented at the Summer Convention of the A. I. E. E., Asheville, 
N. C., June 22-26, 1931. 


place over interconnections. It is an attempt at ear¬ 
marking or labelling the various amounts of power or 
blocks of energy in the light of what they do, of what 
service they perform, as necessitated principally by 
evaluation and contractual expression. The classifica¬ 
tion is submitted with the thought that it may form 
the basis of discussion and trial which will eventually 
bring out a generally acceptable classification and 
nomenclature. It recognizes the following seven main 
service divisions: 

1. Emergency service 

2. Load diversity 

3. Firm power 

4. Storage power 

5. Intra-company use 

6. Economy flow 

7. Unintentional flow 

1. Emergency Service 

By emergency service is meant the assistance which 
one of the interconnected companies renders to the 
other on account of breakdown of equipment, nnnanai 
load demands, or other abnormal conditions resulting 
in need for power in excess of the capacity available 
from the normal power sources of the company in 
difficulty. 

For the purposes of evaluation, and possibly for 
contractual reasons, it may be necessary to distinguish 
between system emergency service and transmission 
emergency service. The former has to do, in a well- 
consolidated ssrstem, with conditions of load and 
generating capacity in the whole system. It is asso¬ 
ciated with the more substantial ties between important 
centers of the systems. Sometimes when this service 
makes possible a definite recognizable reduction in the 
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amount of reserve generating capacity it is referred to 
as reserve diversity. Transmission emergency service 
on the other hand is concerned with small intercon¬ 
nections between the fringes of neighboring systems. 
Such service reinforces the normal transmission, which 
perhaps consists of only a single circuit, to a particular 
outlying part of one or both systems. Of course each 
type of emergency service brings with it something of 
the other and in some interconnections both are of 
importance. 

Another class of emergency service arises from trans¬ 
actions which involve the transmission of emergency 
service from or to a third party or between a third and 
foruth party through the interconnection of the two 
parties under consideration. This classification need 
be recognized only if such flow be accorded contractual 
treatment different than that given to emergency trans¬ 
actions between the two parties immediately at interest. 

The energy associated with emergency service is 
commonly looked upon as being simply that necessi- 



PiG. 1 —Daily Diveksity = a + b 

tated by the emergency, the flow being limited to the 
extent and duration of the need for outside assistance. 

Load Diversity 

Load diversity refers to those ta*ansactions which re¬ 
sult in a saving of generating capacity by reason of the 
non-coincidence of the times of the peak loads of the 
interconnected companies. 

For instance, if a system having a morning peak and 
a relatively light load in the late afternoon is inter¬ 
connected with a system having its peak at five o’clock 
in the evening and considerably less load in the morn¬ 
ing, a saving in required generating capacity r^ulls. 
This saving in generating capacity, which is spoken of 
as the diversity, is equal to the sum of the individual 
peak loads minus the peak load of the combined 
systems. If the divertity is found to be say 40,000 kw. 
and is equally divided between the two companies, each 
at the time of its peak could receive 20,000 kw. from 
the other and thus realize a saving of installed gener¬ 
ating capacity of that amount. The power and energy 
blocks flowing over the interconnecting lines as a result 
of this transaction are spoken of as diversity power and 
diversity energy. 


It is not necessary that the load-diversity energy ^ 
considered to flow equally in opposite directions, as in 
the foregoing ease. As a matter of agreement the flow 
can be divided in any other way. In event one of the 
companies is not in a position to curtail its installed 
generating capacity by reason of already having a 
surplus, all the capacity saving might be taken by the 
other company. This means that all of the diversity 
power would flow in one direction and instead of being 



Pia. 2 —^Monthly Diversity = e + d 

returned in kind, could be adjusted by a money pay¬ 
ment. Such a transaction and the flow resulting might, 
however, be considered to be equally divided and 
equally exchanged load diversity, with a one-way Arm- 
power sale in the amount of one-half of the diversity 
saving superimposed on it. 

Daily, Monthly, and Yearly Diversities. As an aid 
in determining diversity and later in la 3 dng out operat¬ 
ing schedules for its realization it is sometimes advisable 



Pig. 3—Yearly Diversity — e + / 

to subdivide diversity into daily divCTsity, monthly 
diversity, and yearly diversity. 

Daily load diversity is the div^sity which occurs 
within any particular day. Monthly diversity is the 
diversity as among the daily peak loads of any partic¬ 
ular month. Yearly diveraty is the diversity as among 
the monthly peak loads in any particular year. Figs. 
1, 2, and 3 illustrate respectively these three classes of 
diversity. 

Note that in these illustrations the diversity is 
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determined as being the sum of the differences for each 
system of its peak load and its load at the time of com- 
bined peak. This is somewhat different than the 
comrnon expression for diversity, viz., '“the sum of the 
individual system peaks minus the peak of the combined 
S 3 ratems;” but it is the mathematical equivalent. The 
form used in the illustrations will be foimd far more 
convenient in thinking of and working with diversity 
problems, particularly in cases where the combined 
peak occurs simultaneously with the peak of one of the 
systems. When this is the case, and it usually is when 
one of the systems is appreciably larger than the other, 
the diversity is detatnined independently of the system 
who^ peak is simultaneous with the combined peak 
and is equal simply to the difference between the other’s 
peak load and its load at the time of the combined peak. 

Installed-Capadty verms OperatedrCapacUy Reduc¬ 
tions. Our interest in load diversity arises mainly in 
the reduction in installed generating capacity which it 
makes possible. This reduction of installed generating 
capacity is equal to the daily diversity of the combined- 
peak day plus the monthly diversity of the combined- 
peak month plus the yearly diversity. There may in 
the non-peak periods of the year be monthly and daily 
diversities which effect no saving in the installed 
generating capacity. These can, however, be taken 
advantage of to reduce the amount of capacity operated. 
The parties to an interconnection may therefore wish 
to distinguish between load-diversity service reducing 
installed capacity and that reducing operating capacity. 
Diversity which only reduces the operating capacity is 
of relatively small importance. In fact, it is bett®” not 
to consider this service as being diversity. It really 
comes under the category of “economy flow,”—dis¬ 
cussed in detail later. 

Scheduled Diversity and Call Diversity. Another 
classiflcation of load diversity, one which is called for 
only by contractual and operating convenience, and 
then only in highly refined operations, is that which 
divides load diversity into scheduled diversity and coll 
diversity. Scheduled diversity is that diversity which 
is predictable as to amormt and time of its occurrence 
and call diversity that which is predictable as to amount 
but not as to time of its occurrence. The character of 
call diversity may be discerned from Fig. 2 illustrating 
monthly diversity. It is evident that the day-to-day 
load variations make it impossible to predict the day 
of combined peak or the day of either system’s peak. 
There is, however, adequate expectancy that the two 
systems will not have their individual peaks on the 
same day, i. e., that there will be monthly diversity. 
But in order that this portion of the total diversity may 
result in capacity savings, and inasmuch as the neces¬ 
sary power interchanges cannot be scheduled in ad¬ 
vance, arrangements must be made for a previously 
determined amount of diversity-power flow which can 
be called for on short notice by the party experiencing 
a heavy or peak day. On another day when the other 


party appro^hes its estimated peak load it in turn 
calls for this diversity flow. Hence the expression 
call diversity. 

To be of value, the amount of both scheduled diver¬ 
sity and call diversity must be established two or two 
and one-half years in advance. Both are firm entitle¬ 
ments and firm obligations,—scheduled diversity during 
periods which may be scheduled in advance, and call 
diversity at such times as either company’s loads are 
such as to justify calling for it. 

Usually the call divCTaty approximates the monthly 
diversity; and the scheduled diversity is likely to be 
the yearly and daily diversity. However, to the extent 
that the monthly diversity has a predictable tima 
characteristic, such as might arise from a regular down¬ 
ward or upward trend of the daily peak loads, it can 
be considered as scheduled diversity. Similarly the 
yearly and daily diversities may have uncertain time 
characteristics and would therefore contribute to call 
diversity. 

S. Firm Power 

Firm power arises when one company, instead of 
installing necessary generating capacity in its own 
system, chooses to buy power from the other S 3 rstem. 
It involves a sale contract, usually made two or three 
years in advance, with a firm obligation on the part of 
the seller to hold capacity available for the use of the 
buyer in lieu of installed capacity. 

Short-Term and Long-Term Firm Power. Firm 
powOT may result from either short-term contracts 
running for only two or three years or long-term con¬ 
tracts extending ten, fifteen, or more years. 

Under the heading of short-term firm-power con¬ 
tracts would be those arrangements sometimes entered 
into under the name of staggered construction, where 
one company instead of building a new power house 
will, for a year or two, buy its additional requirements 
from a neighboring company which has surplus capac¬ 
ity. In a later year the situation may be reversed, the 
first company building its generating station and sftlliTig 
to the other company, whose own needs by this time 
have more than used up its own available capacity. 

Sometimes several neighboring companies will form 
a pool of their capacity, and stations will be developed, 
as dictated by economy, in the sy^em of one company 
or the other for the benefit of the entire pool,—^witness 
the power pool in and around Chicago. In such cases 
firm power is really flowing from one system to the 
other for short terms, the flows shifting badk and forth 
from y^ to year depending on how the loads and 
capacities of the systems develop. 

An arrangement by which a company obligates itself 
to take power for an extended time such as 10,16, or 20 
years, where it is distinctly not a temporary expedient, 
is classified as a long-term firm-power transaction. 
Peak Power and Base Power. Firm-power provisions 
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are sometimes spoken of as being peak power, or hose 
power. 

Peak power refers to power which is either available 
for only a few hours a day, or which carries an energy 
rate which is high in comparison with the incremental 
costs per kilowatt-hour of the poorer stations in the 
receiving system. Therefore it is used for peak pur¬ 
poses only. If the energy price of the purchased power 
is very high, and if there is no load-factor guarantee in 
the contract, it might even result in no energy ordi¬ 
narily being used. This would be the purcha^ of a 
capacity entitlement for use only when other equipment 
having lower incremental costs per kilowatt-hour is 
not available. 

Base power is power which carries an energy rate 
which is low in comparison with the incremental costs 
per kilowatt-hour of the better stations in the receiving 
system and therefore it is used in the base of the load 
curve at high-load factor. Where the energy rate of 
the firm power is neithw distinctly high nor low in 
reference to the incremental energy costs of the various 
generating stations in the receiving S 3 ratem, the pui’- 
chased power takes an intermediate place in tho 
receiver’s load curve, as determined by economies. 

Qtum-Firm Power. Ordinarily, the expression firm 
power implies that the selling company obligates itself 
to maintain the spare capacity necessary to make the 
power firm, and therefore relieves the buying company 
from the necessity of providing any spare capacity for 
the purchased power. Sometimes, however, power is 
sold with the understanding that its delivery is condi¬ 
tional on the availability of certain special equipment. 
Company A may for instance install a generator in one 
of its stations and sell part or all of the output of that 
generator to company B, with the understanding that 
power will not be delivered if that generator breaks 
down. In this case, as far as B is concerned, A’s 
generator resembles any of B’s owm generators which 
is liable to break down at any time and B must th«:e- 
fore provide the spare capacity for the purchase. It 
may be best to refer to such a transaction as being 
quasi-finn power, although as far as the interconnection 
is concerned it has all of the characteristics of firm 
power when it is fiowing and does not warrant a sepa¬ 
rate classification. 

4 . Storage Power 

The tarn storage power has been applied to trans¬ 
actions involving the conversion of energy generated 
off peak in one system into peak capacity in another 
system through the medium of storage. The particular 
storage medium used is immaterial, although in America 
at least and in this discussion we are practically con¬ 
cerned only with the medium of hydraulic potential 
energy. . 

Two classes of storage power may be recognized; 
that associated with pumped storage and that associated 
with improved utilization of stored stream flow. 


Pumped Storage. In the case of pumped storage,^ 
water is actually pumped into the storage pond during 
off-peak hours, using relatively low-cost energy, and 
later that water is used for the generation of energy on 
peak when it has capacity value. 

Improved Utilization of Storage. In the other and 
more general class of storage power, energy ife not put 
into storage; instead there is a substitution for energy 
which would otherwise be taken out of the available 
storage. The available stored energy is thus conserved 
for utilization at a higher rate of discharge and at a 
time when capacity value will be created. 

The present discussion is concerned only with those 
cases where two companies are involved and where the 
energy to be stored or used in substitution is trans¬ 
mitted over an interconnection. This energy may be 
generated by steam power or it may be energy from 
another hydro-development on the same or another 
stream. 

The classification of storage power is mainly con¬ 
cerned with the creation of capacity by the conversion 
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of energy having relatively low value. This capacity 
may be sent to the cooperating company, retained by 
the hydro company, or divided between them, depend¬ 
ing upon where it may be used to best advantage. 
There may be instances, however, where energy of 
relatively low value is converted through the medium 
of storage into energy of higher value, but the savings 
to be realized will be small in proportion to those 
obtained where capacity value is created. 

The powerand energy quantities involved may be more 
readily observed in the accompanying diagrams. The 
quantities involved under the pumped-storage scheme 
are shown in Fig.4forthe case where the capacity created 
is returned to the company supplying the off-peak 
energy. The common case of better utilization of 
natural storage is represented by Pig. 6 , in which it is 
assumed that the capacity created is returned to the 
steam company. Fig. 6 represents the special case 
where two companies having similar peak characteristics 
cooperate to obtain the greatest capacity value from 
available hydro energy. The scheme depends upon 
the fact that the combined peak of the two companies 
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is sharper than that of the hydro company alone and 
^therefore that the available hydro energy will have a 
greater capacity value on the combined peak. In 
operation the non-hydro company must generate energy 
in addition to its own load immediately before and 
immediately after its peak. This requires careful load 
dispatching and well-conceived contractual relations. 

5. Intra-Company Use 

Intra-company use refers to use of the interconnect¬ 
ing facilities by one of the companies in place of other 
facilities which it would have had to provide for its 
own purposes. Interconnecting facilities which may 
be thus used include transmission lines and structures, 
substation equipment, tertiary windings in inter¬ 
connection transformers which take the place of sep¬ 
arate two-winding transformers, and rights-of-way. 



Fig. 5—Improved Utilization op Storage 
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In some of these transactions energy for intra-company 
use is commingled with interconnection flows and in 
such cases contractual arrangements are necessary to 
provide, for their separation and to place limits upon 
the intra-company use so that interconnection flows 
are no,t unduly hampered. In other cases it is necessary 
simply to provide for division of the resulting benefits 
in the manner intended by the parties and there is no 
necessity for recognizing the classification of intra¬ 
company use so far as energy flows are concerned. 

An example of intra-company use appears in Kg. 7 
where the interconnection lines between the generating 
sources A and B of two companies are tapped so that 
they may be used by company A in transmitting energy 
from A to M, one of its outl 3 nng load centers,- instead 
of A’s reinforcing its own direct transmisaon between 
A and M. 


6. Economy Flow 

Economy flow occurs when energy used by one 
system and which could have been generated by it, is 
actually generated by another system because it is 
more economical to do so. For instance, if A bag idle 
capacity capable of operating at an incremental cost 
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of 3 mills per kilowatt-hour at a time when B is r unni ng 
generating capacity having an incremental cost of 4 
mills per kilowatt-hour, obviously interconnection 
permits substitution of the less expensive generation, 
and the resulting transaction is called economy flow. 

In order to determine the cost and value of power and 
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energy thus transferred it may sometimes be dearable 
to distinguish that part of the transaction which results 
in a change in standby or fixed element of operating 
costs—^such as might come about by its shutting down 
generators or boilers in the receiving system. It is 
suggested that the term economy power might be applied 
to this part of the transaction to distinguish it from that 
part in which the saving is proportional to the amount 
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of «iergy transferred, which might be called economy 
energy. In some cas^, as when a standby station is 
shut down by another company’s agreeing to supply 
the standby service ordinarily obtained from this 
station, the power phase of the transaction is dominant, 
and the energy flows of secondary or negligible 
importance. 

Custom has given a subdivision of economy flow a 
name of its own —dump power. Dump power is a 
particular economy-flow transaction in wMch the energy 
involved could not be used in the system of its origin 
and which if not transferred to the other system would 
have been wasted. It is usually associated with hydro¬ 
electric operation although it may arise also from 
operations where there is waste heat or gas available 
for dectric generation. 

Economy-flow transactions are usually also charac¬ 
terized by being on an “if, as and when” available basis 
or by being cancelable on short notice. 

7. Unintentional Flow 

In the present state of the art, especially where a 
network of interconnections is involved, the flow of 
energy cannot be or may not be controlled exactly as 
intended. Where 20,000 kw. is intended to flow, 
22,000 kw. may be found to have passed; where two 
systems are merely operating in parallel with no inter¬ 
change intended, inadvertent flows may occur. Such 
energy quantities cannot be entirely disregarded since 
they cost money to generate and they save money for 
the receiving company. It is therefore convenient to 
recognize unintentional flow in the inter-company 
relations. 

II— Evaluation 

Before decision can be reached as to whether or not 
a proposed interconnection should be installed, it is 
necessary to estimate and present its economies. 

Examination of load data and operating character¬ 
istics of the two systems in the light of the foregoing 
classification of services will perhaps indicate that 
interconnection will make unnecessary the installation 
of certain amotmts of capacity. The resulting avoided 
investment in generating stations must be compared 
with the capital cost of the interconnection. The avoided 
annual fixed charges must be compared with the fixed 
charges and operating expense of the interconnection. 
The change in the annual generating station production 
expense brought about by the various services must be 
determined. The comparisons mentioned must be 
made ordinarily not for only one year, but for an ex¬ 
tended period, probably not less than five years nor 
more than ten years, for the reason that wide variations 
may occur in tiie amount of the savings from year to 
year. 

If the result of these comparisons is a net saving the 
dedaon would probably be favorable to making the 
interconnection. If the net saving is small or slightly 


negative, it does not follow that the interconnection 
should not be made. Consideration of the intangible' 
and indetOTuinate benefits may warrant favorable 
decision. Among such indeterminate benefits may be 
mentioned catastrophe assistance, lessened hazard from 
under-estimation of loads, possibility of talcing chances 
on the non-availability or non-installation of equipment 
which could not be taken without interconnection, and 
opportunity for future but at present unforeseen 
benefits. 

The following is intended to indicate the general 
procedure and the mode of attack to be used in evalu¬ 
ating a proposed interconnection. 

1. Generating Capacity Savings 

From the load data and operating characteristics of 
the systems it will be determined that certain capacity 
savings are to be realized by taking advantage of the 
various services which have been enumerated. For 
instance, the availability of emergency service may make 
it possible to reduce the spare capacity from 20 or 25 
per cent to 15 per cent, or from 15 per cent to 10 per cent; 
or, where it had been thought necessary without inter¬ 
connection to have three spare generating units, with 
interconnection it may be decided that two units will 
suffice. Ordinarily the saving which results from 
emergency service is determined by the exercise of 
judgment rather than by any rule. If there is load 
diversity in the interconnected systems this results in 
a comparatively definite capacity saving. Similarly, 
the opportunity for storage-power transactions yields 
a determinable capacity saving. Firm-power trans¬ 
actions theoretically at least, do not result in a net 
capacity saving as they simply involve installation of 
capacity in one S37stem rather than in the other. In 
actual practise, however, due to the fact that installa¬ 
tions are made in relatively large units of commercial 
size, there may be a capacity saving from this source. 

In fact, if the problem is one involving only two or 
three years it is safer to determine the actual capacity 
installation program with and without interconnection, 
rather than to use the capacity savings theoretically 
indicated. However, if the benefits of the intercon¬ 
nection accrue over a long period of years, during which 
it is expected that the business will continue to grow, 
a study based on commercial unit sizes is not of any 
superior value. The error arising from not considering 
commercial unit sizes is present in both the with-inter- 
connection and without-interconnection programs and 
in the comparison the errors tend to drop out. In any 
event they become unimportant over a period of years. 
Further, the impossibility of predicting specific installa¬ 
tion programs with any adequate degree of accuracy 
for more than a very few years in advance, favors the 
use of the theoretically indicated amounts of capacity 
saving. 

In arriving at the capadty savings in any detailed 
study it is necessary to consider conditions month by 
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month as the theoretical capacity saving may vary 
•cyclically within each year. 

Another caution to be exercised in arriving at the 
avoided capacity is to consider the effect which the 
requirements of scheduled outage of units for main- 
tenance will have on the possible savings. This effect 
Will be of importance only if the seasonal variation of 
the combined load is small. 

2, Capital Cost Savings 

After the amount of capacity saved has been ascer¬ 
tained, the resultant capital cost saving must be 
determined. This may be accomplished by applsdng 
appropriate unit costs to the kilowatts of avoided 
cap^ity or if a more concrete study is being made, by 
setting up ^ the particular program of station instal¬ 
lations “without interconnection” together with its 
capital costs, then doing the same for “with intercon¬ 
nection, and finally obtaining the difference in capital 
costs. 

Of course any capital savings which result from 
intra-company use of the interconnecting facilities, or 
from firm-power transactions, must be taken into 
accoimt. 

It remains then only to compare the total capital 
cost saving with the capital cost of the interconnection. 

R^ely is a determination of capital cost savings 
sufficient per se to indicate the economic merits of an 
interconnection. Nevertheless, capital cost determina¬ 
tions must be made as the first step in computing the 
annual costs, and they are in any event of importance 
to the executives who are concerned with financing 
the project. 

S. Annual Fixed Charges 

In the evaluation of an interconnection the deter¬ 
mination of its effect upon fixed charges is necessary 
since any avoided investment in facilities naturally 
results in a reduction of fixed charges and on the other 
hand fixed charges on the interconnecting facilities are 
incurred. 

The term fixed charges is ordinarily meant to include 
the annual costs of money, insurance, taxes, retirement 
expense and general expense, and in the case of facil¬ 
ities other than generating stations, it is sometimes 
convenient to include operation and maintenance 
expenses. Fixed charges are usually determined and 
expressed as a percentage of capital cost. 

The necessity for careful determination of fixed 
charges warrants some discussion of the fixed-charge 
percentage to be used in each case. 

Money Cost. The annual cost of money represents 
the compensation which must be given to capital in 
order that it be attracted to the industry for the pur¬ 
poses under consideration. In the absence of abnormal 
conditions, it is likely to be the prevailing allowable 
return on public utility property. This is neither the 
cost of borrowed money nor the yield on equity funds, 
Wut rather the weighted-average cost of all funds. There 


may, however, be cases where the cost of the next 
increment of financing should be used. If this happens 
to be by bonds, the money cost includes not only the 
coupon yield, but also the amortization of debt dis¬ 
count and expense. 

Insurance. Insurance includes the cost of fire, 
tornado, earthquake, public liability, boiler, machinery, 
fly-wheel, workmen’s compensation and other insurance. 
Insurance should also include the cost of self-insur^ce. 
Where the company’s operations are large or have 
continued over an extended period of time the cost of 
^If-insurance can be estimated from the actual losses 
incurred for which insurance premiums might other¬ 
wise have been paid. ’ 

Taxes. Taxes differ in each state and municipality 
and in order to arrive at the proper percentage it is 
necess^ to understand the manner in which the taxes 
are levied. In many cases it is necessary to determine 
only the relation of the total state and municipal taxes 
paid by the company to its fixed capital; in other cases 
the tax rate in a particular locality should be applied 
to facilities in that locality. In still other cases, where 
taxes are levied on the gross receipts of a company and 
would not be directly affected by any interconnection 
considerations, they may be ignored. In all cases, 
however, income taxes should be included. Because 
of the manner of income tax determination the relation 
between borrowed funds and equity funds must be 
known ^d the prevailing tax rate applied to only the 
taxable income. For example, with the present U. S. 
federal income tax of 12 per cent, if the money cost is 
8 per cent and 60 per cent of the capital funds are 
borrowed at a cost of 5 per cent, the taxable income 
will be 5.682 per cent and the income tax 0.682 per cent 
of capital. 

Retiremmt Expense. Retirement expense should be 
determined on the sinking-fimd basis using the rate of 
interest cuirently earned on securities suitable for 
investment in trust funds. The retirement rate to be 
used will depend upon the rate of interest and the 
economic life of the equipment under consideration, 
which varies for different dasses of equipment. If the 
rate of interest is 5 per cent per annum, the retirement 
rate for a steam generating station having an economic 
life of 18 or 19 years will be 3.25 per cent or 3.50 per 
cent; for a hydroelectric development having, due to 
its i^erently simple and sturdy construction and high 
efficiency, an economic life of 50 years, only 0.5 per 
cent; for a substation having an economic life of 22J^ 
years, 2.5 per cent; and for a transmission line having 
an economic life of 25 years, 2 per cent. 

Genial Expense. Gener^ expense includes admin¬ 
istrative salaries, general office expenses, communica¬ 
tion, law expenses, relief and welfare work, and other 
items not included elsewhere. Ordinarily general 
expense will amount to 1 per cent or less, of fixed capital, 
but frequently it may be considered that general ex- 
expense will be unaffected by interconnection. 
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Usually fixed charges on interconnecting facilities, 
exclusive of their operation and maintenance, will be 
slightly less than on steam stations, so that for the same 
capital investment there is some saving on this score. 
Naturally no genorally applicable fixed charge per¬ 
centages can be cited. Fixed charges must be individu¬ 
ally determined for each case. However, to indicate 
the order of the fixed charges it may be said that for 
steam generating stations they will frequently be about 
12 or 13 per cent and for hydroelectric developments 
perhaps 9 or 10 pa* cent. For steel-tower transmission 
lines fixed charges are affected somewhat by the pro¬ 
portion of the investment in right-of-way but they may 
run from 12 to 14 per cent with ’operation and mainte¬ 
nance expenses included. Substations, likewise includ¬ 
ing operation and maintenance expenses, will be 
somewhat higher, usually between 14 and 17 per cent. 
U. Annual Production-Expense Savings 

After the saving in fixed charges has been determined 
it remains to evaluate the effect of interconnection on 
production expense. This requires, first, determination 
of station load schedules with and without intercon¬ 
nection and, second, appl'cation of the individual 
station production-expense formulas to the end that 
the changes in the fixed and variable elements of 
production expense be determined. 

Station Load Schedides. The output of each station 
and the character of its load for most economic condi¬ 
tions with and without interconnection can be obtained 
by resorting to integrated duration curves or duration 
curves, for the loads of the individual systems on the 
one hand and for the combined system on the other, 
on an annual, seasonal, or monthly basis, according to 
the degree of precision desired. Integrated duration 
curves with percentage scales are helpful where much 
work is to be done. (See Hutchinson, A. I.E.E. Trans¬ 
actions, 1914.) For more precise studies loading 
schedules may be obtained fi:t)m ordinary load curves 
of typical weekdays, Saturdays and Sundays. Due 
allowance must be made for the outage of generating 
units for normal and abnormal maintenance. It must 
be remembered that the interconnection transactions 
will be limited by transmisaon losses, the capacity of 
interstarion and interconnection transmission, the 
necesaties of service protection in local areas, minimum 
steaming conditions, and the minor imperfections of 
op^ation and of contracts. 

Behavior of Generating Station Costs. Before the 
production expaise savings due to interconnection can 
be determined it is necessary to know for each generat¬ 
ing station in the interconnected systems, the behavior 
of production expense as a function of station output. 
For intercoimection studies the two-part annual pro¬ 
duction expense formula has been found to be suffi¬ 
ciently accurate and most suitable. Such a two-part 
formula arises from the experience that within a 
limited range of annual capadty factors the production 
expense is made up of a ^ed element independent of 


annual output and a variable element directly pro¬ 
portional to the number of kilowatt-hours generated in 
the period. The fixed element includes a large part of 
the items of superintendence, supervision, labor, sup¬ 
plies, and maintenance, together with (usually) a small 
part of fuel expense. The variable component consists 
principally of fuel costs, although part of the mainte¬ 
nance and small amounts of other items may also be 
found to come in this class. Expressed in mills per 
kilowatt-hour it represents the average cost throughout 
the year of generating an additional unit of output, and 
is therefore commonly termed the “incremental cost.” 

Usually a single formula covering a limited capacity- 
factor range suffices for each station. If, however, the 
station is to be examined under widely differing capac¬ 
ity factors a two-part formula for each of several 
capacity-factor ranges may be necessary. If the 
station is to operate at a peak load predominately less 
than its capacity, as may be the case with the poorest 
stations, corrections may be necessary principally in 
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Steam and Hydro Stations 

the fixed element of the two-part formula, or a formula 
introducing a peak-preparedness term as developed by 
Funk and Rsdston (Philadelphia Electric Company) 
must be used. 

Fig. 8 is representative of the two-part formula for a 
steam station having a fixed element of about $6.00 
per kilowatt of installed capacity and a variable element 
of about mills per kilowatt-hour. For comparison 
a hydro-station formula with a fixed element of about 
$1.00 per kilowatt of installed capacity and an almost 
negligible variable element is shown. 

A bibliography of the scant but authoritative 
literature on this subject is attached. 

Fixed Element of Production Expense. Obviously 
the avoidance of an installation of generating capacity 
brings about a reduction in the fixed element of produc¬ 
tion expense. Approximately speaking, and frequently 
with suffldent accuracy in the case of a long-term study, 
the saving in fixed-element expense is the number of 
kilowatts of avoided capadty resulting from the inter- 
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connection transactions multiplied by a figure, possibly 
between $3.00 and $5.00, representing the fixed element 
of production expense per kilowatt of avoided capacity. 
Its effect is similar to avoided fixed charges. 

For a more precise determination in which actual 
installation programs and station loadings have been 
predicted, it is advisable to tabulate and add the 
appropriate fixed elements for all generating stations 
under the without-interconnection condition and then 
under the with-interconnection condition. The differ¬ 
ence between the two will be the fixed-element saving. 
In such precise study it may be recognized that, aside 
from fixed-element saving on avoided capacity, there 
is sometimes an additional saving of fixed costs in the 
marginal stations due to the interconnection’s en¬ 
couraging curtailment of running spare capacity. 

Variable Element of Production Expense. The change 
in variable element of production expense involves only 
the multiplication of the energy quantities determined 
for each generating station without and with inter¬ 
connection, by the corresponding increment cost per 
kilowatt-hour from the two-part formula and obtaining 
the difference between the two plans of operation. 

Frequently the net effect of interconnection on this 
item is not a saving, but a decided loss. The explana¬ 
tion is, of course, that the interconnection forestalls 
installation of modem, highly efficient equipment, and 
increases the duty on older plants having higher 
variable costs. 

5. Net Savings 

Net savings resulting from the interconnection are 
obtdned from the combination of net fixed-charge 
savings and net production-expense savings, which may 
well be presented by means of a tabulation showing the 
amount of these savings for each of the years studied. 
If comparisons are to be made between different plans 
of interconnection, these net annual savings over the 
period of study should be accumulated and due account 
taken of interest on the accumulations. 
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No attempt has been made herein to show how 
savings may be divided between the interconnecting 
parties, since this is a matter for agreement between 
them. Nevertheless it is a factor which may affect 
some of the items of evaluation, and certainly requires 
careful recognition of the equities for each particular 
class of interconnection service in the agreements 
relating to the project. 
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Histobical and Physical Data 
HE geographical characteristics and the early 
method of development of the New England region 
piaVft it a natural field for interconnection. The 
total area covered is small compared with that of other 
interconnected districts, but industrial growth has been 
intensive and many strong local companies have been 
developed. There are tidewater locations for steam 
plants affording ample condensing water and low cot- 
riage charges for fuel, and there are inland rivers with 
sufficient runoff, fall and control possibilities to m^e 
water power developments of various types attractive. 
It is natural that a close network of tie lines has been 
built. 

The standpoint of those companies which now fomi 
the New England Power Association, together with 
that of the systems directly interconnected with the 
Association, has been taken for the sake of brevity and 
in the belief that their experiences are typical of the 
territory. The experience of the companies now form¬ 
ing the Association is somewhat unlQue in that many 
of thpm were interconnected when operating under 
separate financial control. A direct comparison of the 
e c on o mies of both methods of operation is therefore 
possible. The companies operating in the state of 
Mginft have been generally interconnected presuniably 
for the same purposes that have existed in the remainder 
of New England, but they have been isolated as a group 
by legislative restrictions upon the flow of power across 
the boundaries of the state. 

The New England Power System started principally 
as a hydroelectric system with plants on the Connecticut 
and Deerfield Rivers located in the northwestern part 
of Massachusetts and southern Vermont. Lines were 
built easterly through major cities and towns terminat¬ 
ing near Worcester. Steam reserve was obtained from 
the local companies to whom power was sold, and also 
from some large industrial purchasers. Later, trans¬ 
mission was extended into Rhode Island, connecting 
with Woonsocket, Pawtucket, Providence, and Fall 
River. The first major interconnection (of about 
80,000-kva. capacity) was made in 1913 at an existing 
crossing with the lines of the Turners Falls Power & 
Electric Company. The Turners Falls Power & Electric 
Company had considerable surplus hydro output at 
times which the New England Power system was able 
to absorb, and in addition was occasionally able to sell 
steam auxiliary. This tie, in view of the small amount 
expended, has probably shown a greater return per 
dollar invested than any of those subsequently made. 


It later provided a path in the reverse direction to 
market large quantities of surplus steam capacity, and 
still later some firm power has been sold through the tie. 

The South Street steam plant in Providence was next 
connected with 20,000 kva. of cable capacity. This tie 
furnished a source of steam supplied largely from spare 
capacity, and also a market for surplus hydro power. 
After a few years an additional 50,000-kva. high-tension 
tie was made here and an elaborate agreement was 
drawn with the Narragansett Electric Company of 
Providence under which firm and surplus steam power 
was purchased particularly to cover large industrial 
contracts in that general territory. 

The next major connection was with the Montville 
steam plant of the Eastern Connecticut Power Com¬ 
pany (now the Eastern Division of the Connecticut 
Light & Power Company). This arrangement involved 
about 60 miles of line, which was partly in the New 
England Power System territory and partly in the 
Eastern Connecticut territory, and served, especially 
in the case of the Eastern Connecticut Company, as a 
source of power to customers along its length. The 
extra expense due to the larger capacity built into the 
line for power transfer and also some charges on account 
of additional boilers to make available the capacity of 
a spare unit at Montville were carried by the New 
England Company. As part of this arrangement, it 
was possible for the New England Power System to 
purchase at any time when the unit was available, a 
reasonably firm quantity of steam generation up to 
10,000 kw. This connection was made during the 
period of extraordinary growth of 1919 and 1920 when 
costs were high and development of hydro would not 
have been economically sound. 

A similar arrangement was made with the Edison 
Electric Illuminating Company of Boston at approxi¬ 
mately the same time, making available to the New 
England Power System surplus capacity in the 
Street station of this company, to the extent of 16,000 
kva., as well as a market for surplus hydro power. The 
charges on Edison^s expense were carried for a number 
of years by New England. Afterward this line de¬ 
veloped into a customers^ line for both parties, as well 
as remaining an interconnection. 

In 1924 negotiations were carried on with the then 
Adirondack Power and Light Company for a connection 
between systems. The New York State Company at 
that period had primarily an unregulated hydroelectric 
system. The New England Power System had grown 
to approximately equal parts of hydro and steam, and 
the hydro was largely regulated so that it could absorb 
up to 50,000 kw. of surplus hydro from New York State. 
The construction of this tie established conditions 
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whereby, for the first time, three systems were involved 
in power transfers because much of this water generated 
power found its way through the New England Power 
System to the Echson company at Boston. Each 
con^pany carried the expense of transmission in its own 
territory with a slight adjustment for inequality of 
length. 

An additional interconnection was made in 1927 with 
the Edison company at 110,000 volts which connected 
its new Edgar plant with the system center at Mill- 
buiy. Both parties covered the expense of the line in 
their own territories. With this line it was possible to 



transfer up to 60,000 kw. of low cost steam from the 
Edgar station to the New England Power System. 
No contract was made. 

In 1929 prior to the development of Fifteen Mile 
Falls, and prior to the sale of a large block of primary 
power to the Edison company on the north side of 
their territory, it became a matter of mutual saving to 
backup the northern territory of the Edison Company 
through the New England Power System from the 
connection already made between Millbury and the 
Edgar station on the south side of the territory. New 
England advanced its own construction schedule one 


y^ and built, prior to the necessity on accoimt of 
Fifteen Mile Falls power, a connection from Millbury 
to the north side of the Edison territory. 

In addition to the interconnections between the New 
England Company and adjacent systems, there are at 
least two major interconnection arrangements in 
operation; that of the Connecticut Valley Exchange 
Board, and the Montaup Electric Company. 

The Turners Falls Power & Electric Company, taking 
its power mainly from a large hydro plant in northern 
Massachusetts, was early connected with the local 
electric company at Springfield, Massachusetts, which 
depended primarily on steam power. In 1925, the 
Connecticut Valley Exchange started operation in¬ 
volving the Hartford Company with the two mentioned 
above, and in the following year included power transfer 
with the Connecticut Light & Power Company in the 
southwestern part of Connecticut. The Central Hud¬ 
son Company was interconnected in 1927. These 
companies, without common control, arranged to 
operate their power facilities as a group, at first under 
general orders from a small organization formed for 
the purpose, and later by actual dispatching. 

The pool w^ charged the cost of generation in excess 
of local requirements by each company furnishing 
power to it. Eaph company was charged for power 
received from the pool an amount equal to the cost that 
company would have incurred in producing the same 
amount in its pwn plants. The expense consisted of 
management costs and some fixed charges for inter¬ 
connection. The New England Power System is 
phsreically connected through the Turners Falls Com¬ 
pany, and has in late years exchanged power with the 
pool as a imit. 

The Montaup Electric Company, which is controlled 
by the local companies at Pawtucket, Woonsocket, 
Brockton, and Fall River, started operation in 1925. 
A steam station and transmission lines connecting the 
participating companies were built. Capital was 
furnished by the local companies in proportion to thdr 
capacity requirements, and the operating expense was 
paid for by sales at cost to the local companies. The 
New England Power System is connected to and ex¬ 
changes power with the system as a unit. 

The reasons for the construction of these inter¬ 
connections are: (i) The absoiption of surplus hydro 
power from systems generating, largely, from unregu¬ 
lated hydro sources: (2) The absorption of large 
quantities of surplus steam with resultant good load 
factor on relatively high-grade steam plants of adjacent 
systems: (3) Arrangements for the purchase of sur¬ 
plus steam capacity in various stations which resulted 
in a certain amount of firm capacity; (4) The sale or 
purchase of firm power. 

Benefits Derived from Interconnection 
Peak Diversity. Companies which are not under the 
same financial control have not taken advantage of peak 
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diversity by virtue of interconnections to save capacity 
installation. Each company has assumed responsibility 
for its own primary load. A study of this subject indi¬ 
cates that between the major interconnected groups in 
New England there is approximately 6 per cent diver¬ 
sity, amounting to say 60,000 kw. A worthwhile safety 
factor is gained though by each of the interconnected 
companies, and it has become practise to take advantage 
of this by continually tying together, even though an 
exchange of kilowatt-hours is not particularly desirable 
at the time and may even result in some slight losses. 

Oh the other hand, there is an appreciable diversity 
saving between the commonly owned and controlled 
properties such as Lowell, Lawrence, Worcester, Provi¬ 
dence, and the original wholesale company, known as 
the New England Power Company which is of the order 
of 7 per cent, or at the present time about 30,000 kw. 
This diversity exists on account of peaks occurring on 
different days, rather than at different hours of the 
same day. 

A large diversity of peaks in the same day might 
well be looked for on a system spread into two time 
belts but no dependable diversity of this sort appears 
from a study of the New England systems since they 
all operated on eastern standard time except during 
summe ? months when heavy peaks are not to be 
expected. 

Reserve Diversity. No particular advantage is taken 
of reserve diversity. The systems usually carry re¬ 
serve equal at least to the capacity made unavailable 
by the loss of their largest units. The New England 
Power System carries a percentage of operating spare, 
generally 10 per cent or more, which is greater than the 
effect of losing its largest unit. Probably some of the 
smaller systems connected do take some advantage of 
reserve diversity, but generally the gain is considered 
as a matter of additional safety to service. The effect 
of a loss of unit, or of a major connection suppl 3 dng 
power, is greatly reduced by spreading the effect over 
the two or three remaining systems connected. In 
general, it has been demonstrated that the loss of 
25,000 to 50,000 kw. on the S 3 retem results in less 
1/10 of a cycle frequency drop. 

Emergency Interchange. Conditions necessitating 
Mnergency interchange may be brought about by loss 
of stations, • low water, or fuel shortage. Parallel 
operation of systems at all comparable in size is a 
desirable procedure and the interconnected companies 
have been desirous of keeping ties closed as much as 
possible. All companies have been saved from em¬ 
barrassing situations by this practise. In our case 
ma-gency interchange has been most useful on occa¬ 
sions of a system pull-out, when, during an attempt to 
transfa for economic reasons too large blocks of powa 
ova lines of limited capacity, some upset has caused 
these lines to trip and in this case, the end of the 
system lacking capacity has been partly supported by 
the interconnection. One case out of many which 


could be cited may be of interest. The New York 
Power & Light System some time ago requested an 
unusual amount of powa to assist them in sending 
power west to replace the loss of a machine in the 
Buffalo-Niagara district. The Boston Edison Com¬ 
pany was readily able to supply this deficiency for the 
time required and each system between relayed the 
power. The best of relations obtain in this matter and 
we know of no cases where any special chages have 
resulted on account of this sort of service. In the early 
days when standads of service were not as exacting as 
they are today, occasionally when requested one system 
lowered its frequency in order to phase with and assist 
in supporting an adjacent system which had lost 
capacity. 

Low water is not classified as an emergency because 
all the major systems connected have water power 
sufiiciently relayed with steam or purchased power. 

During various periods of fuel shortage, the New 
England Power System, with the exception of the win¬ 
ter of 1917-1918, has been fortunate enough to obtain 
sufficient fuel for its own plants. It has taken advan¬ 
tage of some of its interconnections by arranging to 
supply fuel to intercoimected steam plants and in turn 
to receive power at prearranged prices. Another 
advantage of interconnection in regard to fuel supply 
has been the possibility of converting the South Street 
Station at Providence to more or less a base load plant, 
although the storage provisions at that plant have not 
been enlarged so as to become comparable with the 
larger outputs. It has always been known that with 
a temporary fuel stringency at that point, power could 
be generated elsewhere, even though at a slightly in¬ 
creased cost. 

Firm Sale. Some of the New England interconnec¬ 
tions have developed into means for primary sale, and 
likewise connections built for primary sales have re¬ 
sulted in considerable interchange of power of other 
than a primary nature. 

The contract terms have been nxade of varying 
tenths. It is often possible to make a considerable 
saving in providing firm capacity by arranging with 
an adjacent system, which is for the time being over¬ 
developed, or which has been willing to tyi^Va an 
apparent over-development because of joint economies. 
An outstanding example is the development of Fifteen 
Mile Falls lower plant at a time when the need of addi¬ 
tional capacity on the New England Power System 
coincided with that of the Edison System at Boston. 
This made possible the development of a large and 
economical block of power and insured its rapid absorp¬ 
tion with a consequent saving to both parties. 

Likewise, within the New England Power System, 
power contracts have been made between the wholesale 
companies and many of the local retail companies, 
which have r^ulted in a conservation of natural re¬ 
sources and joint benefits by the selling of water power, 
or tide water steam generated power to the amniiAY 
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companies. The smaller companies gain by the ability 
to make commitments for only one or two years in 
advance, rather than make relatively large station 
extensions which would require many years to absorb. 

Intra-Company Use. It has been possible to use the 
transmission facilities in a number of cases to supply a 
customer of an adjacent system at a point remote from 
their lines. For a number of years the New York 
Power & Light Company furnished a customer in the 
neighborhood of Lake Champlain through our system 
and that of the Central Vermont Public Service Com¬ 
pany until, as has recently become the case, it has 
proved economical to construct lines to serve the load 
directly. 

A number of instances has occurred where inter¬ 
connections between systems have been made at more 
than one point. It has always been possible to pn;=!|g 
emergency power through the adjoining system in 
order to back-up a section of the first system adjacent 
to one of the ties. 

Economy Flow. The use of interconnections for 
economy flow or as it is sometimes called, exchange 
power, has shown a real financial return. It may be 
generally said that in New Fngland and in adjacent 
systems in New York State that there is no operation 
of uneconomical steam when economical steam or 
surpli^ hydro is available, provided transmission 
facilities are adequate and there is no especial need for 
backing up local service by local generation. The New 
Elngland Power System has made a practise of pur¬ 
chasing power which could be generated at less cost in 
plants other than its own furnishing power to adjacent 
systems where it could generate for less cost, or furnish¬ 
ing power from one system to another across its own 
lines. Any saving resulting from this sort of operation 
is generally divided between the systems involved; if 
the transaction is between two systems, Vialf of the 
saving goes to each; and if among three, one-third of 
the saving goes to each. Transfers of this sort in and 
out of the New England System amount to several 
hundred million kilowatt-hours in a year. 

Some of the system steam plants are operated during 
the day and evening hours in some of the larger com¬ 
munities where tie lines are not wholly adequate. 
These plants operate usually at approximately one- 
half of the local load and with standby capacity just 
suflScient so that the entire load can be carried in 
of any sudden emei^ency. Other than this so-called 
“service steam” the generation is distributed strictly on 
an economy basis. Service steam operation will dis¬ 
appear when system ties become sufficiently reinforced 
to provide the necessary reliability. 

Contract Relations 

The New England Power Ss^tem was primarily 
benefited in the earlier connections by the ability to 
purchase auxiliary power and it was customary to 
make a guarantee to purchase a block of kilowatt-hours 


for a number of years. This guarantee of taking power 
was backed by a forfeit, in case of failure to take power, 
sufficient to cover the expense involved by the inter- 
co^ection. Later, the character of the use of the lines 
shifted to that of a straight interchange basis with the 
facilities becoming more useful for serving customers 
in the territory through which they ran, and forfeits 
became less necessary. 

The Providence contract gave the New England 
Power System the right to pmchase the surplus capac¬ 
ity of the station when available and firm capacity to 
the extent of a certain minimum reservation. New 
England paid for the reservation a predetermined 
percentage charge on the book value of the plant and 
for kilowatt-hours at a slight margin over the average 
operating cost. The Providence Company agreed to 
purchase surplus at a margin of saving. 

The connection to New York State and the later 
connection with the Edison company were put in with 
no advance agreements for interchange of power be¬ 
cause it was apparent to both companies that the 
expense of the ties would be covered by the business 
over them, based on each company's knowledge of each 
sjratem and the generating facilities that existed. 

In the early days, prices were usually agreed upon 
from time to time, to be effective for certain periods 
and for certain classes of power. These often remained 
constant for periods of a year or more. If either com¬ 
pany felt that the price was unjust, the matter was 
brought up, discussed and adjusted. This method was 
generally applied to comparison of cost of surplus hydro 
to steam generation, and is still used for steam and 
hydro exchange with smaller companies where the 
benefits would not warrant the bookkeeping involved 
for a refined method. 

More recently the major systems interchange has 
been made between steam plants and it has become 
necessary to go thoroughly into the increment and 
de<^ment cost of power. A definite man has been 
designated on each system and he furnishes necessary 
cost data to the dispatching departments interested. 
Representatives of the various interested parties get 
together at the start of these arrangements and from 
time to time during their operation to insure fairness 
and acquaint themselves with the methods employed. 
All methods have not yet become identical, but are 
sufficiently close so that each company feels satisfied 
with the intent of each of the other companies. This 
procedi^ has resulted in a really remarkable amount 
of business between the dispatching departments, 
entirely based on these estimated increment and decre¬ 
ment costs. The New England Power System's pri¬ 
mary buaness amounts to approximately one and 
one-half billion kilowatt-hours per year, and exchange 
of this type from and to the system now amounts to 
aroimd 800 million kilowatt-hours. This sort of trans¬ 
action, of course, is only practicable where there is a 
reasonable difference in the costs of newer generation. 
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The extreme differentials, for example, are represented 
by high-pressure stations on tide water, as against older 
and inland steam stations, and make a spread of several 
mills. No interchange is attempted with a differential 
of less than 2/10 of a mill, in view of the uncertainty in 
estimating costs accurately. 

Plans for interchange are usually made daily in 
advance, so that definite schedules can be arranged 
late in the afternoon for the following day. The New 
England Power System dispatcher is in touch with the 
dispatchers of the adjacent s 3 rstems and determines 
the quantities and values of power which can be fur¬ 
nished or absorbed. These, compared with his own 
sources and costs, readily determine the economical 
set-up for the day and schedules are arranged. As 
stated above, where power is exchanged between two 
companies the saving that results is split equally, the 
line losses coming into the calculations as part of the 
cost where they are of sufficient importance. 

Whai it is impossible for the New England Power 
System to participate in exchange to advantage with 
two adjacent systems and there is advantage for the 
adjacent systems to interchange power, arrangement 
is made on what is known as a three-way basis, in 
which it is assTuned that the transmission company is a 
necessity to the transaction; therefore the profits are 
split among the three equally. 

There is, of course, some difficulty in all these trans¬ 
actions in attempting to make the power flow exactly 
as intended and it is not unknown to have it revise for 
short periods. In periods when companies are tied 
together and there is no intent to exchange power, 
some exchange may occur in an improfitable direction. 
All these losses are deducted from current gains, and 
no effort is made to return the kilowatt-hours which 
may be received in this inadvCTtent manner. 

The complicated procedure of estimating saving 
which involves backing down machines, shutting down 
machines, banking boila^, saving of additional boilers 
on the line, added or saved maintenance, together with 
complications of metering where a line is used for both 
primary and exchange power simultaneously, have 
forced the dispatching departments to become book¬ 
keepers and accountants in order to turn over adequate 
data to the billing departments of their respective 
companies. 

Generally there is no guarantee of services to be 
rendered in other than contracts for firm power de¬ 
livery. It is, however, tmderstood that each company 
will assist the other in an emergency, and if one com¬ 
pany has arranged to furnish another compjmy with 
power, and unforeseen conditions make it undesirable 
for it to do so, it will nevertheless continue to furnish 
the schedule planned until the other company can make 
arrangements to carry the load. 

Contracts have been desirable when a definite saving 
can be made by pooling capacities but kilowatt-hour 
interchange or “economy flow" has been quite effec¬ 


tively taken care of by the operating personnel without 
contracts. Certain officials in each company are given 
authority to complete arrangements binding for a 
sufficient length of time to accomplish the transfers 
desirable. These can always be stopped if they do 
not appear to be working in a fair and profitable way. 
Fortunately, relations between companies have been 
pleasant and without such good will it would be im¬ 
possible to carry on interchange either with or without 
contracts. 

Disadvantages and Difficulties 

We do not believe that any disadvantages have come 
about in any intercoimection in New England that are 
not offset entirely by benefits derived. The major 
difficulty is probably in being unable to exchange power 
in exactly predetermined amounts with a number of 
other systems at the same time. The New England 
Power System has done a great , deal of business with 
the Connecticut Valley Power Exchange as a unit, 
which in txrni has frequently been interchanging power 
with the Central Hudson Gas and Electric Company, 
which is tied nearly all the time with the New York 
Power & Light on the north, and Metropolitan Edison 
and others on the south. It is believed that in order 
to reduce the difficulty of departure from schedule to a 
minimum all systems should attempt to run with rather 
exact speed control at 60 cycles. By allowing one 
S 3 retem to assume responsibility for this speed control, 
and the other systems each to look out for the exchange 
over the connections, we have been able to control 
interchange reasonably well. 

Several of the major systems are giving time service 
and the combined problem of correcting time and 
maintaining 60 cycles is a difficffit one for unavoidable 
things shift the systems away from exact time, and the 
necessary correction sometimes upsets tie line control. 
This has been minimized by arranging for the dis¬ 
patcher to know daily the time error on the systems 
adjacent and to adjust his time at a very slow rate to 
normal, when he can do so by agreement with the 
adjacent systems, or to adjust when separated from 
them. 

It is not uncommon for systems all the way from 
Boston west to Niagara Falls, and south to Philadelphia, 
to operate in parallel and it is therefore necessary for 
word to be passed from dispatcher to dispatcher con¬ 
cerning the shifting of tie line loads and the taking over 
and chan^ng of the point of master speed control. 
The large distances involved make communication of 
utmost importance and require the best efforts of all 
the companies involved, so that there may be no undue 
delay in passing essential information from one end of 
the interconnected systems to the other. 

It is inevitable that there will be cases when because 
of special conditions the interchange schedules have 
not been adhered to strictly and one company or the 
other feels that it has been put to some disadvantage. 
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It has been found that informal meetings between one 
or more operating men representing each system in¬ 
volved, immediately following major occurrences of 
this sort, have had a highly satisfactory result in 
smoothing out and preventing recurrences of such 
difficulties. At these meetings, usually in New York 
City, which are called together by a temporary chair¬ 
man, the various representatives present all the avail¬ 
able data in the way of charts and records, showing 
exactly what did take place during the time when 
difficulty was experienced. It has usually been easy 
to trace the trouble to its source. It has been possible 
to come to some agreement in every case, or to outline 
a policy which will largely eliminate future troubles of 
the same nature. The utmost frankness has always 
prevailed and the helpful spirit of the various company 
representatives has made progress possible. 

We have had for 10 years an association known as 
the S 3 ratem Operators of New England” which has 
usually held four meetings a year and these meetings 
have enjoyed the heartiest popularity. The meetings 
are intended to bring the dispatchers of the different 
systems together personally, but many other officials 
and those most intimately responsible for the day-to- 
day operation of adjoining plants and systems have 
been interested enough to attend. 

While the lack of a common financial control is not 
necessarily a difficulty and is certainly not a disad¬ 
vantage to interconnection, it should be-pointed out 
that the common control of interconnected units will 
generally work toward additional economies over 
straight interconnection. Effective peak diversity, 
better coordination of system planning, benefit of direct 
action, and other kindred betterments accrue. Inter¬ 
connection establishes gains in operating economy and 
improvement in service reliability, and common finan¬ 
cial control of interconnected companies carry these 
advantages a step further. 

Construction Program Based on 
Joint Planning 

The New England Power System has had the good 
fortune to have had many alternatives in plarmiTig 
additional sources of power. There have been possible 
water power developments of various types as well as 
a v^ety of methods of extending steam generating 
facilities. The development at Fifteen Mile Falls was 
of such a size that it could not be justified without 
various interconnections to assist in its absorption. 
Its character is such as to make it a desirable adjunct 
to any system depending entirely on steam and this 
fact made it possible for us to sell a large block to the 
Edison company of Boston. 

The New England Power System load has grown to 
a size in which the capacity and power requirements 
for growth should not be studied as a whole but divided 
into three major classes: (1) base load; (2) 2,000- 
hr. power or day load; (3) peak and spsire capacity. 


These various classes of load grow about equally on a 
percentage basis but the short hour type of load grows 
far faster on a quantitative basis. Additonal require¬ 
ments of base steam of the best grade grow slowly and 
if this type of plant is increased too far in advance of 
requirements it crowds into short hour use expensive 
plants designed for better load factor. For the second 
class, day load or 2,000-hr. power it si apparent that 
plant capacity should be secured for a lesesr first cost 
than for class one. A few hydro possibilities are 
peculiarly suited to this service. If the hydro plant 
site affords sufficient storage, permits the power house 
to be close to the dam and does not restrict its size, the 
increment first cost of unusual capacity may be favor¬ 
able. These conditions existed at the Fifteen Mile 
Falls development. The water available at this plant, 
though sufficient to operate at full capacity but 2,000 
hours per year, can be used when it is most valuable 
and involves a negligible operating cost for additional 
capacity. 

The third requirement of the systems is for a capacity 
suitable for meeting annual peaks and carrying day to 
day spare through the year and during the peak period. 
The necessity of this sort of facility has been well illus- 
toted by the development of the Rocky River Pump¬ 
ing Plant of the Connecticut Light & Power Company. 
The Fifteen Mile Falls plant is also well adapted to 
supply this type of power. While the older and rather 
uneconomical steam plants are also suited to this type 
of service, the cost of being ready to serve for peaks 
and spare is higher than that of suitable hydro plants. 
The Fifteen Mile Falls type of plant will confine their 
use for this purpose to a very small part of the year. 

Interconnection, therefore, has made possible a large 
development of a character of power which was de¬ 
cidedly the type needed on the New England System 
which also fitted well into the Edison system but which 
would not have been fearible of development without 
a very large or interconnected system. It has made 
the entire output of this development more immediately 
useful, and put off the construction of further base load 
steam capacity, which will in turn be de sirab le to con¬ 
struct in large blocks and which will be more econom¬ 
ically absorbed later, in the combined New England 
systems. 

Features op Design 

Fr&piency Control. In tjie early d&ys of intercon¬ 
nection no special efforts were made to control fre¬ 
quency beyond those which were in use on individual 
systems before they were tied together. It was found 
des^ble, however, in the interests of maintenance of 
desired interchange schedules to hold the combined 
system speeds within closer limits than were found 
practicable by manual and natural governor control 
whether hydraulic or steam. 

Considerable developmental work was done on the 
New England Power System as far back as 1927 in 
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conjunction with various manufactiu^rs of automatic 
equipment, and it is believed notable success has been 
obtained. Special apparatus has been installed in 
three hydroelectric plants in order that it may be 
possible for a great many hours of the year to have at 
least one of the plants in position to handle the major 
burden of speed control. 

On any system of hydroelectric plants of vaiying 
characteristics, it is undesirable to place the control 
of speed constantly in the same plant. A run-of-the- 
river type of plant should be operated wide open during 
flood periods while during the lower water periods it 
may be used to carry the swings of load and the char¬ 
acteristics of plants using stored water are directly 
opposite for they are normally shut down during flood 
periods and used heavily during dry periods. Thus, by 
having automatic apparatus in key plants of various 
types, it is insured that one of them will almost always 
be available for speed regulation without' departing 
materially from its normal economic schedule. 

It has been found that a frequency deviation from 
normal of not more than ± 1/20 of a cycle approaches 
the best possible conditions for load interchange. 
Regulation as close as this on a scattered group of 
small hand controlled plants would place a burden on 
the operators that would be almost impossible, and 
even the best governors are unable to maintain the 
speed within such close limits. Automatic frequency 
control has also been foimd of considerable help in 
maintaining accurate time as recorded on the large 
number of synchronous clocks in the New England area. 

While considerable work has been already done, it is 
thought we must equip more plants with automatic 
apparatus, so that the burden may be as widely distrib¬ 
uted as possible, with a view to less wear and conse¬ 
quent maintenance in any one place, and less operation 
at a lowered efidciency, which necessarily follows when 
the load of any given tmits is constantly changing over 
rather wide limits. 

Transmission 

The increasing interconnection of transmission lines 
together with the increasing use and reliance upon 
electric power is necessitating always greater reliability 
and freedom from disturbances. Not only is it neces¬ 
sary to isolate disturbances closely and quickly but it 
is also necessary to avoid them in so far as it is econom¬ 
ically possible. A comprehensive intercoimected sys¬ 
tem will sawe customers to whom a voltage surge is as 
disastrous even as an interruption of short duration. 

Lightning disturbances present our most formidable 
problem and this problem is one of the most important 
before the industry today. It is not always possible to 
greatly benefit the performance of lines already in 
edstence although in one case it was possible to add 
insulation and ground wires to an existing line so that 
it is now experiencing only about 40 per cent the 
lightning disturbances that it had previously. Con¬ 


siderable advances have been made that are par¬ 
ticularly applicable to new construction. We are' 
attempting to design lines with unusually short spacing of 
supporting structures so as to get a low average height 
above ground and we provide these lines with overhead 
ground wires where we are justified economically. 
Horizontal construction with single-circuit towers and 
two overhead ground wires are being used generally 
on all major lines. The importance of low footing 
resistance has been recognized but so far it has not been 
possible to arrive at any economical solution of the 
naturally high resistance conditions that pertain 
generally throughout New England. Steel grillages 
for tower footings have been used, however, for a 
number of years and these undoubtedly are of some 
benefit. 

Sleet is another formidable foe to the successful 
operation of transmission lines in New England. Sleet 
destruction is caused at comparatively rare intervals, 
but the ensuing interruptions are of a major conse¬ 
quence on account of the inherent length of time 
necessary to repair the damage. The sleet storm of 
1921 was more severe than any storm of established 
record in New England. This storm proved the inade¬ 
quacy of off-set vertical lines and established the 
necessity of providing tower strength to insure against 
tower failure on important lines. We are attempting 
to design major lines to operate through the 1921 
conditions with not more than broken conductors. 
Considerable use has been made of sleet thawing on 
lines that can be taken out of service. 

Circuit Breakers 

It is perhaps of fundamental importance to avoid 
disturbance in so far as possible, however, the rapid 
removal of faults, once they occur, is a very important 
consideration and it is only recently that circuit 
breakers even approaching adequate speed have been 
secured. The Fifteen Mile Falls development was 
equipped with 220-kv. circuit breakers that will have 
an over-all relay and breaker time of the order of eight 
cycles (0.013 seconds) and it is hoped to secure similar 
characteristics in breakers to be purchased in the future 
for the lower voltage developments. Tests on the 
220-kv. breakers, some of which were taken under 
actual operating conditions,, showed the removal of 
short circuits in quite a spectacular fashion. Only very 
small voltage disturbances were caused and a remark¬ 
able lack of damage resulted at the point of application 
of the short circuit. Considerable increase in ssm- 
chronizing power during short-circuit conditions be¬ 
tween the Fifteen Mile Falls plant and the remainder 
of the system was also secured. It is our observation 
that the disturbances causing damage to circuit 
breakers have been very materially lessened in the past 
several years and it is thought that one of the largest 
factors has been the design of breakers of sufficient 
mechanical strength to be able to withstand gas ex- 
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plosions. However, considerable progress can be made 
in bettering the mechanical reliability of oil circuit 
breakers. It is imperative that oil circuit breakers be 
designed so that the possibility of their failing to open 
or to close be entirely avoided. 

Synchronous Condensers 

Our experience indicates that the economical opera¬ 
tion of a high-tension interconnected system necessi¬ 
tates such power-factor correction as to assure the 
operation of the high-tension lines at practically unity 
power factor. Interconnected lines must also operate 
at somewhat less drop in potential to avoid voltage 
variation when the point of feed is shifted on the 
system. There is approximately 180,000 leva, of 
synchronous condenser capacity in operation on the 
New England Power System. 

Transformation 

There appears to be little possible gain in attempting 
to improve the reliability or the efficiency of modem 
high-voltage transformers. We have come to look 
upon this piece of equipment as being as safe against 
disturbances as any other type of equipment in service. 

There has been no occasion on the New England 
system to make use of load ratio control for shifting 
load nor balancing power between parallel circuits. 


There have, of course, been many occasions when it 
has been difficult to get the proper distribution of 
power, yet it has not been felt that any situation would 
justify the expense of load ratio control. The accurate 
regulation of system frequency together with the wide 
of sjmehronous condensers has obviated to a con- 
sid^ble degree the need of phase shifting equipment. 
E:^ting conditions can easily change or new conditions 
arise so that we shall be forced into this expense. 

Tap Shifting 

Extensive use has been made for many years of 
arrangements whereby transformer taps can be changed 
readily and rapidly when the transformers are de¬ 
energized. Several of the intersystem ties have been 
made through transformations consisting of at least 
duplicate capacity equipped with ratio adjusters and 
it has been practical to change transformer taps one at 
a time during changes of load conditions. This method 
of operation has been so successful that the New En¬ 
gland companies were among the first to standardize 
upon external tap shifting devices for practically all 
important transformers. 


Discussion 

For discussion of this paper see page 1280. 
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Synopsis* —This paper describes a specific interconnected sys-^ 
tern wherein ten independent operating companies of western 
Pennsylvania, eastern Ohio, West Virginia, and Maryland operate 
normally in parallel to secure the manifold advantages of the inter¬ 
connection of their facilities* Some of the benefits derived from 
the interconnection of these ten companies and the principles and 


methods followed in actual operation including very brief descrip¬ 
tions of physical plant are treated. The feasibility of coordinating 
the operations of an interconnected system through a working 
operating committee functioning in part through the joint dispatch¬ 
ing organization of two of the companies without sacrificing inde¬ 
pendence of operation, is discussed. 


Introduction 

ODERN power system management fully recog¬ 
nizes the importance of the linking of power 
sources, transmission facilities and load areas, 
whether these interconnections are ties between power 
systems independently owned and operated or con¬ 
nections between power sources and loads of a single 
system and ownership. Many papers on this subject 
describe the fundamental plan of power supply and the 
operating problems of interconnections of systems 
largely under one management, treating of a basic load 
area, a fimdamental plan of power supply, and a de¬ 
veloped method of operation. 

The purpose of this paper is to describe the plan of 
interconnection and operation of contiguous power 
systems, independently serving a vast industrial region. 
Each sj^tem is under separate control, both financial 
and operating, with all the diverse standards and ideas 
of technical, commercial, and accounting nature. Each 
system has its own tale of romantic growth and progress 
from the small local generating plant to the highly 
developed load area with its network of power lines 
served by modem power stations. 

It was inevitable that as each system grew, a mutual 
interest should develop between neighboring utilities 
in the planning of power supply extensions into the 
intermediate territory. It was proper that these neigh¬ 
boring independent companies should cooperate to 
realize any possible benefits to be derived through 
intercoimection. It was natural that a common under¬ 
standing of the every day problems of parallel operation 
should follow, this consensus of opinion being expressed 
by the Working Committee of operating men from each 
of the ten individual systems. 

Territory Served 

Character of Territory. The territory served by the 
ten operating companies constituting this intercoimected 
sjretem has an approximate total area of 101,000 sq. mi. 
and a population of about 9,000,000 including 300 cities 

*Gten. Supt. of Substations, West Penn Power Co., Pittsbui^h, 

Pa. 

Presented at the Summer Contention of the A. I. E. E., AsheviUe, 

N. C., June SS-SS, 1981. 

1264 


and towns. The metropolitan areas of Cleveland and 
Pittsburgh each have a population in excess of1,260,000. 
Other cities of over 60,000 people are Akron, Toledo, 
Canton and Youngstown, Ohio; Erie, Altoona, and 
Johnstown, Pa.; Charleston and Huntington, W. Va. 
Industrial towns average from 5,000 to 25,000 people. 
A large part of the remainder of the population resides 
in 3,200 communities classed as rural,—^less than 2,500 
people. The character of territory served by these 
companies illustrates the recent trend toward decentrali¬ 
zation of industry and population. 

NcUure of ffee Load. An estimate of the peak load 
of this group for 1930, occurring in December between 
9 and 11 a. m. is 1,750,000 kw. The annual load factor 
is about 70 per cent. 

Although 85 per cent of the consumers are domestic, 
1,400,000, industry constitutes the bulk of the load. 
The industries served consist principally of bituminous 
coal mines and coking plants; sheet steel mills; electric 
steel melting and ore reduction furnaces; rubber goods 
and tire factories; glassware and plate glass plants; 
cement plants; refractory, brick, tile and porcelain 
works; and countless machine shops, foundries and 
small plants manufacturing mine, mill, railroad, and 
electrical equipment. 

Electric railway systems under the same holding 
company management with the power companies 
which §erve them, operate in Pittsburgh and Allegheny 
County, Pennsylvania, throughout the coal regions of 
southwestern Pennsylvania and northern West Virginia, 
and in Akron, Canton, and Massillon, Ohio. 

Classification of Services—Contractual 
Relations 

The contractual puiposes of making interconnections 
according to the important benefits to be derived are 
represented on this combined system in their every 
essential; reliabOity of service, capital investment 
economies, operating economies, and the stabilization 
of frequency, voltage or reactive kilovolt ampere con¬ 
ditions and transmission systems. Typical examples 
are given of contractual relationships, the inception 
of which was due to one or more of these purposes. 
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TABLE I—DATA ON GENEUATOK BATING 

AND OUTPUT OP 10 

INTEROONNEOTBD COMPANIES 



Generator rating Dec. 31, 1929 





Steam plants 

Hydro plants 

- Added capacity 1930 
steam plants 

Genemtor 

Total 1929 
kw.-hr. output 

System 

No. Kw. rating 

No. 

Kw. rating 

No. Kw. rating 

rating 

Dec. .31, 1930 

Appalachian Electric Power Oo.. .. 
Associatwl Gas & Elec. System (West. 
Group). 

. 8. 302.540. 

Penna. 

. g QO 1*7K 

. 5... 

.... 36,900... 


... 344,440... 

. 1,484,761,000 

Cleveland Electric riiuminatiiur Co 

Duquesne LiKht Oo. 

Olilo iCdison Co. 

Ohio Power Co. 

Ohio Public Bervico Oo. 

Penn Central Light & Power Co . 

Toledo Edison Co. 

West Penn Electric Oo. 

Total of all companies. 

. 4. 447,000. 

••.. 2.. 

... 48,200. •. 


... 137,376... 
... 697,000 

. 401,037,034 

1,447,103.604 
1.673,445,327 
1,018.769,180 
1.644,262,000 
611,482.217 
237,817,248 
614,980.108 
1,938,965,818 

.10,862,692.526 

. 3. 384.000. 

.15. 306,345. 

.... 1.. 
.... 4.. 

... 2,176... 

... 2,860... 


... 444,000... 
... 281.175... 
... 398,196... 

. 4. 76.100. 

.20. 467,374.. 

.84.2,720.834. 

.... 3.. 
.... 2.. 
.... 9.. 

.26... 

... 4,420... 

... 6,800... 
... 66,695... 

....150,940... 


... 130,100... 
... 80,520... 

... 107,000.... 
... 512,969... 

,..3,002,774... 


Fvoutwr Exchange. Neighboring companies first 
contacted on the frontiers of their respective systems 
and interconnected for the mutual protection of those 
districts haying only one source of power. Such 
interconnection of transmission lines made it possible, 
without suspending the customers’ service, to take a 
section of line out of service for repairs, especially at 
week-ends, thus eliminating the hazard of worldng on 
live lines and insuring the highest degree of mainte¬ 
nance. The^ lines were usually small in capacity and 
did not permit of continuous parallel operation. How¬ 
ever, in 1916 the Duquesne Light Company of Pitts¬ 
burgh and the West Penn Power Company of Western 
Pennsylvania, operating in territory immediately ad¬ 
jacent to each other, remained in parallel for 100 hours 
continuously over two connections of light capacity 
22-ky. transmission lines. Although it was believed 
at this time that the extreme watchfulness essential to 
parallel operation did not warrant the continuance of 
parallel operation, nevertheless it was proven this 
early in the transmission history of these two systems 
that they could be paralleled for emergency purposes 
in case of failure of generating units or for the transfer 
of suitable blocks of load until the disabled system 
could regain its generating capacity. 

Imestmmt and Operating Economies. During the 
war period, 1916 and 1918, an exchange energy contract 
between the Duquesne Light Company and the West 
Penn Power Company necessitated the paralleling of 
these systems twice each day to transfer blocks of load. 
The peak load of the Duquesne system was greater in 
the evening than in the morning and the reverse condi¬ 
tion prevailed on the West Penn System so that each 
company had a surplus of generating capacity at the 
time when the aggregate demand of the consumers of 
the other company was the greatest. 

Beginning with June 1916 and continuing to the 
present day, energy has been exchanged to supply 
those fringe areas of each system, which are at a con¬ 
siderable distance from their respective generating 
stations, to the manifest advantage of both parties 
and of the service. 


Dove-tailing Construction Programs. This early con¬ 
tract of 1916 also provided for the development of the 
respective systems of the Duquesne and the West 
Penn with such proper harmonious cooperation in the 
construction and operation of additional generating 
stations and additional substations that in the interests 
of both companies and of the public, avoidable ex¬ 
penditures would be prevented and the cost of supply¬ 
ing energy would be minimized. Prom the initial sale 
of 10,000 kw. by the Duquesne Light Company to the 
West Penn Power Company, 1916-1918, in which 
period the West Penn System was constructing its 
Springdale power station, there has been a total of 
four firm energy short-term contracts between these 
systems for the purpose of dove-tailing the steps in 
power station building programs. One of these con- 
tracte terminated August 31, 1930 shortly before the 
placing into operation of the James H. Reed power 
station of the Duquesne Light Company. In this 
manner on this interconnected system, economic waste 
that goes with building generating stations too far in 
advance of the individual system' load has been elim¬ 
inated by staggering construction between independent 
companies. 

Comhined Financing—Power Stations. An example of 
this type of interconnection is the Windsor power 
station jointly owned by the Ohio Power Company of 
the American Gas & Electric System and the West 
Penn Power Company. After considerable study in 
1915, a site was located on the Ohio River, about 9 
miles above Wheeling, W. Va., for a station to meet the 
increasing needs of the Ohio Power Company, as fur¬ 
ther expansion of its Canton plant was impossible due 
to lack of water, and to give a firm source of power to 
the West Penn Power Company in its western area, 
which Tvas being fed by a long low-voltage transmission 
line from its Connellsville plant with considerable 
voltage and power losses. The joint Windsor station 
was then built in 1917 which in effect produced all the 
™ajor benefits of the interconnection of generating 
facilities as well as many other operating and invest¬ 
ment economies. This was the first time any arrange- 
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ment of this kind had been made in the United States. 
It is also interesting that the Windsor station was the 
first station of this magnitude to be built at the mouth 
of coal mines and securing coal for fuel without the 
use of river or rail for transportation. 

^though the contract for joint operation of the 
Windsor station provided that one company should 
operate the power station and the other company oper¬ 
ate the coal mine and that these operations should 
alternate each year, so satisfactory have been the results 
of the joint operation that the Ohio Power Company 


System and the West Penn Power Company was 
caused by the desire of each company at about the 
same time to build high-voltage transmission lines, 
connecting its main properties to outlsdng properties 
served by old power stations. The Associated Com¬ 
pany desired to build a transmission line between the 
Piney hydro station on its main system to the Warren 
station and the West Penn Power Company desired to 
build a transmission line from Kittanning on its main 
system to the Ridgway station. By collaborating, the 
West Penn Power Company built a line from Kittan- 
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has operated the power station since the beginning and 
through the increases of station capacity to its present 
rating of 185,000 kva. and the West Penn Power Com¬ 
pany has operated the coal mine. Kach company is 
particularly well fitted in its relation to Windsor to 
continue to perform that part of the work which it 
initiated and no request has ever been made by either 
company for a change in the authority of the respective 
operations. 

ConibiTied Financing—Transmission Lines. Theinter- 
connection between the Associated Gas & Electric 


ning to the Piney hydro station and each company 
built sections of line between Piney, Ridgway, and 
Warren within its own territory, thus completing in 
1926 an intereoimection of all the desired properties 
and making possible the joint use of the same transmis¬ 
sion facilities. Five very successful years of perfect co¬ 
operation have been a result of this unique arrangement. 

Reduction in Spare Generating Capacity. Because of 
the strong transmission backbone throughout the inter¬ 
connection, the whole system is in itself the best ex¬ 
ample of how planning can be done and operation 
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company, semng respectively Cleve- 
connection. On this interconnection tho ' territories, carries 

sion systems that are interconnected so that anv ono hni? systems follow the practise of 

system will be called unon to fumioh TOViat * ^ r^erve only in the overload and less 

cases, represents only the overload canacitie^ToT thl t capacities of the generating equipment ac- 

machines used in usual operation- all of whicii r if ^ op^ation. The tie lines from these two com- 

in less capital invo<?tarf in^v, • ^•’ ^l^ich results pames to the main interconnected system might not 

consequent aTwe^fii^^d S^ tt dam^^g 

output of elch pknt In aSon tonsforming, and regulating equipment in 

more specific purposes of contractual relationsWp, this r^T ° ^ insufficient 

riSon • il\—«>at member compa.i«parttdpating 

eystemsoftheinSS^SSdg^ >P«>1 ofspto^greserve 

Pa.r./r,r./«-r^ /o shoulfi bc able to (fraw thcir requircments from tho 

edwnoj S&mee. Of all the possibilities of inter- Pool whenever an emergency arises on their svstem 
_eonn^on tha °, mp^ a^|etm.,e when aesietance is «. ie them«o«, necema.^ Jl^fa meI^r„rS;: 

11 “ost important. The mining what reserve actually exists in the pool to insure 

in additio? t^th? companies the existence of an adequate amount of reserve at all 

in addition to those owned, gives a feeling of great tunes. On this system Windsor being the central 

tSnity^t irlw“^s t"” .*‘fP®“®ble for the con- point of the interconnected system, acts under super- 

tinuity of semce. Such an interconnection for con- vision of the Working Committee as a clearing house 
touous parallel operation was made when the 66-kv. for all data on existing reserve capacity. Eali com- 
Roxbury tie was bmlt in 1926 between the Penn Central pany relays to the Windsor load dfepateher not later 
Light and Power Company and the Potomac Edison than 3:00 p. m. of each day its expected conditions with 
ompany of the West Penn System. This interconnec- respect to load, capacity in operation, load to be carried 

and Wilhamsport power stations mg day. A further report of these conditions is made 

f^ u ?^ occasions to serve consumers of the not later than 6 ;00 a. m. the following day. Each com- 
ermmal substations or on the mterconnecting line when pany makes a . frequent check of these conditions 
a section of it was in trouble. throughout the day to ascertain if its spinning reserve 

Classification op Services—Operating Benefits equal to or in excess of the requirements 

Reserve Generating Capacity— Practise The studv nf Windsor load dispatcher is notified at 

the problem of red^tion in^are Sret^capStv ofThe ®of>tion which arises to change the status 
on this intm^miected tmnLssiS ^ 

solved itself into two phases. One is the utiliratinn t* • i , 

of the operating or spinning reserve capacitv of the hJ'^ ^ Jat the specified spinning reserve 

generating units and the other is the coordination of ^ company, either by placing in 

the operation of the reserve capacity between these eSw *^^® ®®'PJ®^^ securing reserve capacity 
various companies so as to carry the required spinning Should a condition arise which causes one 

reserve in the mosteconomica^a^ ??erSSf STnL ^ ^®‘*"®® 

diversity by combining spinning reserve canaeitip<! *^serve due to loss of capacity or excess 

makes possible a decrease in the totaTSSire SStv v the Windsor dispatcher and 

in service without the loss of rehaSy aT^^S «‘® 

proportioning of the spinning reserve capacity bSw^n ^ required as soon as possible, 

the component parts of the system decreases Lterially Jhart^ThL^® ^mmng reserve defiaent for more 
the amount carried on any one system. Onthisinter^ ^ companies concerned m the 

conneetedsystemitisbelfevedthatth^spinffingr^^e 

carried by any one company should be 10 ^fcSHf ^^^^J^efiaency of the spmmng reserve. If an ac- 

the load carried by a steam station and 5 per cent of the ■ - circumstances causes the required 

load carried by a hydro station. When any one com- 2it“t£ WitT® ^eCTeas^ by more than 25 per 
pany generates more than 20 per cent of its load on any of all potsffik if ^ f ^ 

one steam unit, it should carry a spinning reserve TT 

equivalent to 50 per cent of the load carried on this unit, system peak he re^esta^f *i^^ then to^ 

as its proportion of the spinning reserve. SSJS? iS iif that additional capacity be 

TPci^ii 4 -is ’ 4 . 1 4 . 1 - 2 . j. placed in service as soon as possible at the most con- 

Each of the two large metropolitan systems, namely; venient location. 

the Cleveland Electric Illuminating Company and the All ten systems of the interconnected group furnish 
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the Windsor dispatcher, not later than Friday of 
each week, information on their expected operating 
conditions for the following week. Any system de¬ 
siring to make ^e of available spare capacity can find 
out from the Windsor dispatcher where this reserve may 
be secured. All negotiations for supplying spinning 
reserve capacity in this manner are made between the 
individual companies as a two-party agreement. Such 
an arrangement naturally leads to a schedule between 
the various systems for dove-tailing maintenance of 
large unite and other contemplated work which may 
temporarily change operating conditions. 

Perhaps the most outstanding two-party verbal 
reserve capacity agreement ever entered into in this 
country was made in September 1930, between the 
Duquesne Light Company and West Penn Powot Com¬ 
pany. The occasion for this unique arrangement to 
supply spinning reserve capacity arose when the navi¬ 
gable waters of the Monongahela River below Fair- 



Pia. 2—^Vimw op Switohboabd Boom and Load Dispatohbe’s 
Hbadquabtbbs at Windsob Station 


mont, W. Va. and as far down river as Brownsville, 
Pa., became so depleted by unprecedented and con¬ 
tinual drought that the pools of this section were 
scarcely navigable. The government authorities were 
faced with the necessity of vsfithdrawing what water 
remained in the upper pools to maintain navigation in 
the lower pools between Brownsville and Pittsburgh. 
Such an act would have affected the water supplies of 
a very large population in West Virginia and would 
have caused the cessation of mining operations by 
many mines loading to the river with all the attendant 
idleness of labor and tie-up of machinery. The losses 
of labor and the stand-by charges on equipment alone 
were estimated to be $1,0.00,000 per month, for the 
mines affected. To relieve this urgency the West 
Penn Power Company offered all of its iihpounded 
waters in the Lake Lynn hydro devdopment at no 
cost to the Federal government. However, in order 
that the West Penn Power Company might be able to 


fulfil its power contracts in case of emergency in the 
loss of large generating capacity, it became necessary 
to arrange for spinning reserve capacity to replace 
Lake Lynn hydro station. The Duquesne Light Cona- 
pany offered its help, thus making postible the gift of 
all water in Lake Lynn to the government and the use 
of 80 per cent before the drought was broken. Such 
energy as the Duquesne might furnish the West Penn, 
should such a contingency occur, was to be returned 
by the West Penn at a time when the Lake L 3 mn hydro 
station could again generate energy. The agreement 
for this stand-by reserve capacity of the Duquesne 
Light Company to the West Penn Power Company was 
a verbal one and although it was never used in this 
exigency the reserve capacity was continually available 
as was the means of tiansmitting it to the West Penn 
Power Company. 

Res&roe Generating Capacity — Performance. Troubles 
are encountered on this interconnected system the 
same as they are on any other system for apparatus, 
no matter how perfect, and plants, no matter how well 
designed, break down. Interconnection, however, has 
wrought wonders so that the public served is often un¬ 
aware that trouble has ever occurred. According to 
the law of probabilities it would seem on an inter¬ 
connected system that has 66 generators of 19,000 kw. 
capacity and over, that the probability of losing more 
than one generator at the same time would be more 
than a coincidence. Except those troubles due to in¬ 
stability, such cases are quite rare. 

In November, 1927, unit No. 1 at the Philo station 
of the Ohio Power Company, 40,000 kw., developed 
internal trouble and was taken out of service for 
inspection and repairs.® Two weeks later, and before 
unit No. 1 was replaced on the line, unit No. 2 of the 
same capacity developed internal trouble also and was 
removed from service, thus completely shutting down 
the Philo station and reducing the capacity of the 
Ohio Power Company System by 80,000 kw. It was 
not possible to get unit No. 1 back in service. The 
accident to \mit No. 2 was on a Saturday, when the 
load was light, so that the system did not feel the loss. 
But all day Monday and until noon Tuesday the inter¬ 
connections, each adding their quota of help to the 
30,000 kw. above normal supplied by the Cleveland 
Electric Illuminating Company, carried the inter¬ 
connected system load of the Ohio Power Company 
without the slightest disturbance or hitch until one of 
the Philo unite was returned to service. 

The West Penn Power Company had a case of trouble 
in July 1927 at its Springdale station when unit No. 2 
developed blading trouble and had to be removed from 
service. The switchboard operator pulled unit No. 1 
off the line at the same time, as this turbine was hunting 
and he believed it also was in trouble. Springdale 
station ca pacity was thereby reduced 40,000 kw., 

2 . For references see Bibliography. 
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5^000 of which could be picked up on the remaining 
umts in this station and the intercoimected system 
picked up the remaining 85,000 kw. of this load. It 
took one hour for the West Penn Ssrstem to bring 
capacity into service at its various plants during which 
period the interconnected system served all the load 
perfectly. 

On February 11,1931 at 8:06 p. m. one transformer, 
16,667 kva., in Canton No. 1 bank failed at Windsor,— 
the joint station of the Ohio Power Company and the 
West Penn Power Company. Differential relays 
cleared transformer bank No. 1 from service. There 
are normally two banks operating in parallel, banks 
No. 1 and No. 3, and at the time of the failure of bank 
No. 1 each bank w^ carrying 45,000 kw. to the west. 
When bank No. 1 tripped the sudden overload on bank 
No. 3 tripped it out on overload relays thereby separat¬ 
ing the eastern and western systems at Windsor. At 
Windsor 90,000 kw. to the west was dropped almost 
instantaneously and was absorbed by Philo, Cleveland 
and other western and southern stations, with a loss 
of frequency of only 0.17 cycle and no service dis¬ 
turbance. The frequency of Windsor and the eastern 
stations increased 0.35 cycle with no service disturbance. 
The eastern and western systems were paralleled at 
8:09 or three minutes after the time of the initial 
trouble. 

Load Diversity. When individual systems, now a 
part of this group, began to be interconnected some of 
the advantages that were obtained previously in the 
tying together of small communities within the same 
system were no longer obtainable. One of the things 
that disappeared, and very quickly, was the saving due 
to diversity. A typical case can be taken of the 
western part of the system on which with a system 
peak of 490,000 kw. the diversity between the four 
individual systems was only 15,000 kw. or 3 per cent.* 

In general, studies of other groups have given similar 
results. 

As a large portion of the industrial load is coal min¬ 
ing, in which industry the working day is practically 
oyer at 4:00 p. m. it would seem that the factor of 
diversity could be used to advantage vwth respect to 
the lighting load of a metropolitan area, such as Pitts¬ 
burgh. This has been somewhat ^true in the past, 
especially in December, but in the last two years the 
evening peak of the transmission groups, who are 
es^iitially industrial serving systems, has approached 
within 8 per cent of the morning peak. The mere 
elimination of normal expected hydro capacity in the 
evening due to low water conditions such as has pre¬ 
vailed since November 1929, creates an evening peak 
for the steam stations. 

The industrial load is noticeably much more diver¬ 
sified within the last two years, no doubt due to the 
use by many industries of off-peak power,—4:00 p. m. 
to 7:00 a. m.,— especially electric furnaces and munic¬ 
ipal water pumping stations. The economic desire 


of many manufacturers to operate at least a part of 
their plants during the entire 24-hour period coupled 
with the lower cost of off-peak energy in regard to de¬ 
mand rates for a highly fluctuating load is also probably 
responsible for this condition. 

This intercoimected group operates entirely on east¬ 
ern standard time excepting Pittsburgh and adjacent 
towns which operate on daylight saving time during 
the summer and which departure from standard is 
scarcely noticeable to the group as a whole. The 
Western and Chicago Systems, operating on central 
time, affect the frequency regulating station at Windsor 
to give it two noon-hour variations each week day. 

Stabiuty 

In the early history of parallel operation of generators 
and power plants on this interconnected system, 
instability was accepted as one of the many problems 
resulting from the attempt to keep the component parts 
of the system in parallel with weak transmission lines. 
With the installation of the 132-kv. transmission back¬ 
bone and with more attention in the selection of proper 
equipment characteristics in the terminals of this sys¬ 
tem, instability ceased to be such a serious problem. 

Windsor. As Windsor is the center of all intercon¬ 
nect^ operation so is this station the center of the 
stability problem. The eastern and western systems 
are here paralleled on the 11-kv. generating bus to 
which are connected the six generators and one syn¬ 
chronous condenser, each with a capacity of 30,000 kva. 
Between generators are reactances of 5 per cent., and 
as far as possible loads are taken off the bus sections to 
agree^ with generator outputs. The eastern system is 
principally connected to this bus through three banks 
of transformers totaling 86,000 kva. and the western 
system solely through two banks of transformers 
totaling 100,000 kva. All banks are fixed ratio and 
transform to the 132-kv. system with about 10 per 
cent reactance. An emergency tie between the 132-kv. 
systems is provided. 

The generators at Windsor are of the large air gap 
tsrpe which requires a • heavy no-load magnetization. 
Consequently a low maximum voltage is indicated with 
full excitation and no-load. These machines are not 
mu^ affected by load changes, have a high short-drcuit 
ratio and are inherently stable. The voltage regulators 
at Windsor are of the Tirrill type, one per exciter which 
is direqt connected to its generator. This arrangement 
of exdters is satisfactory from the point of view of 
stability, since steam units do not overspeed to any 
great ext^t. The voltage regulators operate in paral¬ 
lel through the usual compensating coils which force a 
correct sharing of the reactive kva. Automatic fre¬ 
quency control operates normally upon three units. 

Throughout its history the Windsor station has stood 
like a rock against the many momentary surges trans¬ 
mitted to it from the east or the west. It has success¬ 
fully handled manv ranid changes of load in the order 
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of 50,000 to 90,000 kw. The problem of stability on 
each system is mainly of stasdng in synchronism with 
Windsor. 

Eastern System. To the east of Windsor station 
there are the Springdale steam and the Lake Lynn 
hydro stations of the West Penn System joined togethar 
at the Charleroi transmission substation which is dis¬ 
tant 41 miles from Windsor, 31 from Springdale and 
29 from Lake Lynn. Prom the Springdale station 
radiate the connections to the Duquesne Light Com- 



Fig. 3a.—Front View op Automatic Frbquenot Control 
Pantbl at Win£>sor Station with Recording Charts op 
Frequency, Time, and Loads op Tie Lines to Eastern and 
Western Connections—^All Located Adjacent to Switch¬ 
board Operator’s Desk 

pany-Colfax, Reed and Brunot Mand stations,—^and to 
the Associated Gas and Electric System—Seward, Erie, 
PineyandDeepCreekstations. PromtheLakeLynnsta- 
tion radiate the West Virginia connections—^Rivesville 
and Parkersburg stations, and the Western Maryland 
connections—Williamsport and Cumberland stations, 
both of the West Penn System, and from Williamsport 
the coimection to the Penn Central Light and Powot 
Company, Saxton station. The s 3 mchronizing power 
of the lines between Windsor and Springdale and 
between Windsor and Lake L 3 mn is 600,000 kw. which 
is ample to hold these stations together. 

The Lake Lynn hydro station and the Springdale 
steam station generate at 11.2 ky. and each step-up 
through transformers of about 10 per cent reactance to 
a 132-1^7. bus. The generating units at both stations 
have very high no-load full excitation voltages—17.6 kv. 
and consequently a low short-circuit ratio. 

There is an unusual tituation with respect to the 
Piney tie between the West Penn Ssrstem and the 
Assodated Gas and Electric Ss^tem which is made 


through three 5,000-kva. auto-transform«s 132-110 kv. 
with dead-grounded neutral. Thus either system may 
receive ground fault disturbances from the other sys¬ 
tem. A similar installation is made at Cumberland 
where auto-transformras 132-66 kv. are installed. So 
far no difficulty has been encoimtered from these 
connections. 

The connection between the Springdale and Colfax 
stations is made through a transformer bank consisting 
of three 12,000-kva. single-phase units connected delta- 
delta 132-66 kv. and an auto-transforma: bank, three- 
phase core type 36,000 kva. 66 kv. Y, 72.6 kv. Y.* 

This auto-transformer is equipped with load ratio con¬ 
trol Tnalnng it possible to obtain 10 per cent buck or 
10 per cent boost in voltage without removing the 
transformer from service. Over a wide voltage range, 
these systems thus have a means of regulating the watt¬ 
less current flowing between them. 

The most vulnerable point of this eastern system is 
near the Springdale station where there is a short-circuit 
capacity of 1,200,000 kva. Calculations indicate that 
a three-phase short-circxiit fault must be isolated within 
16 cycles or the units are likely to go out of step. On 
March 21, 1929 at 4:15 p. m. there occurred a case of 
dynamic generator instability when a fault occurred on 
both of the two 132-kv. lines toward Luxor substation 



Fia. 3 b—View ov Automatic FsBOUBNor Control 
Panrl at Windsor Station Showing String Mounting to 
Eltminatb Vibration 


at a point three miles from Springdale. During the 
fault the two 25,000-kva. generators tripped out on the 
steam end upon overspeed and one of the 35,300-kva. 
generators was removed from service by the operators, 
as it was thought to be surging. Only one 35,300-kva. 
generator was left in operation and 96,000 kw. of load 
dropped at Springdale. Of this amount Windsor 
picked up 65,000 kw. The duration of the fault was 
three minutes and the 25,000-volt buses at the adjacent 
transmission substations were reduced to about ona- 
half voltage. However, at Lake Lynn and Rivesville 
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^ momentary 20 per cent drop 

As a result of the above case of instability due to 
ground faults, short circuit and line clearing, with 
attendant changes in loads and load power factora, the 
excess voltap protective devices of the voltage regula¬ 
tors at Spnngdale were removed from service. The 
wisdom of this procedure was borne out when a more 
^vere short circuit occurred on December 23,1929 near 

“pp«i 

Him '"'llfactor at Springdale is high, it being 
difficult to average lower than 95 per cent on the five 
generators, which have low short-circuit ratio character- 
istics. In several instances one of the generators has 
fallen out of step due to the operators placing a leading 
power factor upon it during load shifting. No inter- 
ruption or disturbance to service was involved in any 
case. 

Iinproving the governor action is a problem upon 
which the operating engineers of the Duquesne Light 
Company have done much experimental work including 
toad dumping tests.- Modifications in the apparatus 
have rented in a much faster and more accurate follow- 
mg of the speed changes, allowing the governors to hold 
the turbines below the limit of the auto-stop setting. 
The govemora of this system are, therefore, probably 
more responsive to sudden toad changes than those of 
any other operating group on this interconnected 
system. Nevertheless tests have proven that the period 
of the governor oscillation and the load oscillation on the 
generators do not have a time phase that would sustain 
a surge and that the governors are sensitive enough to 
hold the turbine from overspeeding and tend to check 
the speed of the turbine during a pole slip. 

Wesiern System. To the west of Windsor Station 
toere are the Philo Station of the Ohio Power Company 
Toronto Station of the Ohio Edison Company and the 
wee stations; Avon, Lake Shore, and Ashtabula of the 
Cleveland Electric Illuminating Company. These are 
joined together at the Canton transmission substation 
of the Ohio Power Company, this being distant 65 
miles from Windsor, 73 miles from Philo, 102 miToa 
from Toronto and 28 miles from the Pleasant Valley 
substation, which in turn joins the three generating 
stations of the Cleveland Electric Illuminating Com¬ 
pany. From the Philo Station radiate toward the south 
w connections to the Appalachian Electric Power 
Company, Cabin Creek, Kenova and Glen Lynn Sta¬ 
tions, which in turn interconnect with the Carolina 
Power and Light Company at the Virginia-North 
Carolina state line near Danville, Virginia. Also from 
the Philo Station toward the west radiate the con¬ 
nections to the Howard, Lima and Port Wayne, Indiana 
trai^ission substations, the Twin Branch steam 
station and the Chicago interconnected systems. 

The Philo and Toronto steam stations generate at 11 
kv. and each steps up through transformers of about 9 
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per cent reactance to a 132-kv. bus. Recent oil circuit 
breaks tests at Philo developed a short-circuit capacity 
of 1,735,000 kva. on the 132-kv. system at Philo.® 

4 - 1 . Canton Substation extends a line through 

the Alliance Substation of the Ohio Public Service 
Company and the Boardman Substation of the Ohio 
Edison Company to the Valley Substation of the 

uquesne Light Company. Also from the Canton 
Substation extends the connection to the Windsor Sta¬ 
tion, to the Charleroi Substation and Springdale steam 
station of the West Penn, to Colfax steam station and 
Valley Substation of the Duquesne Light Company. 
Ihe^ two lines form a 260-mile high-tension trans¬ 
mission ring involving five power companies and a total 
generator capacity of nearly 1,260,000 kw. Occasional 
operating with this ring closed on itself has demon- 
stoted the inflexibility of interchange control and 
therefore, the loop is left open at the VaUey Substation. 

measured ang^e exists at 19.6 degrees which corre- 
^onds to a calculated angle of 17 degrees described in an 
A. 1. E. E. paper.® 

Comparatively few actual cases of static instability 
ave reported on this interconnected system. 

.A. I. E. E. paper of January 1931* describes a 
which occurred on the Appalachian Electric Power 
Company's system at King^ort, Tennessee, where a 
comp^tively weak interconnection is made with the 
Carolina Power and light Company. A disturbance 
occu^ed on the Carolina system resulting in a burden 
on the interconnection in excess of the static stability 
limit of the hnes involved with the result that the two 
systems pulled entity apart and the voltage at Kings¬ 
port (^pped practically to zero in approximately two 
seconds as recorded by high-speed instruments. Subse¬ 
quent tests using instantaneous relays showed a power 
si!nng to 80,000 kw. which checked with approximate 
ealcifiations of the stability limit for these intercon- 
nections. 

Reactive Component Flow Control and Voltage 
The reflation of the fiow of reactive power and the 
^tnbution among generating units is not a problem of 
this mterconnected system due to the high power factor 
maint^ed on lines and generating stations. This is 
partially due to the character of the load with a large 
amomt of synchronous equipment but in the main due 
to the synchronous condenser capacity located at the 
tiansmission substations. The West Penn Power 
Company has 63,500 kva. in eleven synchronous con- 
daisers located at ten transmission substations The 
Ohio Power Company has 85,000 kva. in synchronous 
conder^ <rapacity located at its various transmis- 
sion^bstations. If the capacity of the spare generator 
at Wmdsor, operating as a synchronous condenser, 
pving about 80 per cent of its rating, or 24,000 kva 
leading is added, there is a total capacity of synchronous 
condenser equipment atone of 172,500 kva. in these two 
systems not including the generating units at hydro 



1272 


PITCH 


Transactions A. I. B. B. 


stations which may be operating with low gate opening. 

The voltage of the generating units at the principal 
power stations is held practically flat, there being not 
more than a 3 per cent variation between light load and 
heavy load. By means of the synchronous condensers 
the voltage at the transmission substations is held to 
less than 2 per cent variation. 

Power Flow Control and Frequency 

Close regulation of the load among the interconnected 
systems of this group and among the individual power 
stations of each system has been a most difficult prob¬ 
lem. As each system joined the intercoimected group 
it would have to scrap, in many instances, much of the 
operating practise of load and frequency regulation it 
had built up over a long period of operating experience. 
The Working Committee of operating executives has 
held many meetings, in which these problems have been 
analyzed by all and a common basis for action deter¬ 
mined. These meetings have been followed by con¬ 
tinual educational work among the load dispatchers 
and switchboard operators until satisfactory operation 
was accomplished. From the very beginning all 
operating men were in accord that the interconnection 
must work and that it was their job to make it work. 
The sacrifice of personal opinions and private practises 
and the desire to do whatever was best for the common 
good have resulted in notable progress being made. 

It was recognized early in the history of this inter¬ 
connected system that in the problem of plant loading 
or tie line control and in fulfilling the essential terms of 
the many contracts through which each system inter¬ 
connected with its neighbors, that frequency control 
was a matter of vital consequence. As early as 1924 the 
operating executives agreed, after there had been much 
confusion and continual bickering between the operators 
on shifts, that the frequency as recorded at Windsor 
Station whether it was correct or not, would be the 
standard system frequency. Windsor station was then 
equipped with duplicate sets of the latest type of fre¬ 
quency recorder and the usual frequency or time clocks. 

Those companies which were interconnected with 
more than one other company and at different points, 
were greatly limi ted in their ability to maintain correct 
loading on the various interconnecting tie lines. While 
it was not difficult for a company to maintain the load 
on its tie lines between its stations, or between its 
system and the central frequency control regulating 
station, it was difficult for those companies intercon¬ 
nected to it and still farther away from the center of 
frequency control to regulate the amount of power 
flowing in the interconnecting tie line. 

For instance, one company would regulate the flow 
of power from its station by opening and closing the 
turbine governors, which would tend to change the 
S 3 rstem frequency.’ Such a change being made at the 
first station without the knowledge of the frequency 
regulating station would result in a variation of the 


frequency before it was caught. The frequency ad¬ 
justing station would then observe the change in 
frequency and pick up or drop load to bring the fre¬ 
quency back to normal. These variations would 
cause the load to change on other turbines having sensi¬ 
tive governor adjustments all over the interconnected 
system, and numerous adjustments would have to be 
made before the proper divisions of load were restored. 
High frequency often resulted, especially during light 
load periods. On the other hand, during periods of 
very heavy load or when the steam pressure became low 
at one station, the operators would shake off load to 
relieve the overloaded condition of their station and 
periods of low frequency would occur. It was usually 
9:00 a. m. before the system settled down to the morning 
load which steady condition would last until 11:45 a. m. 

This kind of operation was very unsatisfactory and 
often created peaks between the different companies, 
which were difficult to explain and to adjust when the 
billing was being discussed. It was believed by the 
working committee that if the frequency could be held 
at 60 cycles, with but a very slight deviation—less than 
1/20 cycle,—the outlsdng companies would need only 
to adjust the load on their interconnecting tie lines, the 
next company in turn adjust its tie line load and so on 
to the last tie line connecting to the central frequency 
regulating station. In this manner the tie line load 
equilibrium would not be disturbed. 

Windsor Station, being the center of all other operat¬ 
ing features, was assigned the task of holding a flat 
frequency with ax 30,000-kw. generators in the early 
part of 1929. As no automatic frequency control sys¬ 
tem had been installed, one operator on each shift was 
assigned practically the sole duty of holding a 
steady frequency by adjustment of the six governors. 
This was a radical departure from all previous 
practise for heretofore Ipad had been picked up or 
dropped at Windsor by simply adjusting the governors 
as long as the frequency was not xmduly altered. Now 
Windsor operators were to be more Watchful over 
frequency and more agile in adjusting it than the other 
operators of the system had been and were to concen¬ 
trate not on loading the station but on maintaining a 
dose frequency range, whereas all other operators were 
to concentrate on maintaining a close tie line load ad¬ 
justment and forget frequency. 

This new scheme of operation worked successfully 
from the start. Troubles with tie line regulation seemed 
to disappear like magic. Whereas it had been the 
usual practise to adjust tie lines three or four times an 
hour, now three or four times a morning or afternoon 
or evening suffices. 

In May 1929 an exhibition sample of an automatic 
frequency control device was temporarily installed at 
Windsor, thus relieving the shift operator of his onerous 
duties. This equipment had an over-all adjustment 
of two cycles plus or minus 60. Permanent equipment 
in duplicate was then ordered and installed early in 1930 



December 1931 


PENNSYLVANIA-OHIO-WEST VIRGINIA INTERCONNECTION 


1273 


with an adjustment range of 0.25 cycle plus or mmng 60. 
'j^though this equipment was installed to control all 
six generators, it was found in normal operation that 
three or four generators would adequately hold the sys¬ 
tem frequency within 1/40 of a cycle plus or minus 60. 

After a year’s study of frequency regulation by one 
station only namely, Windsor, during which period 
several other large interconnected systems were added 
and the control of their frequency also taken over by 
Windsor, it was fotmd that the only real difficulty of 
this scheme of regulation occurred at the rapidly load 
shifting periods of the day, as 7:00 a. m., noon hour, and 
6:00 p. m. At these periods it was not unusual for the 
load on the Windsor station to shift from 60,000 to 
90,000 kw. in 8 or 10 minutes. Although the boiler 
room operating forces at Windsor Station handled these 
radical changes in load in a most splendid manner, 
rarely evw popping the boilers or losing steam pressure, 
it was believed by the working committee that the in¬ 
stallation of several other frequency control sets on this 
interconnected system would materially alleviate the 
conditions at Windsor. At the time this paper was 
wntten (March 1981) automatic frequency control 
equipment was being installed by two manufacturers for 
trial at the Windsor, Philo, and Springdale stations. The 
methods of operating under these new conditions have 
not yet been determined and positive results cannot be 
foretold. Preliminary tests would indicate that the 
objective had been achieved. 

With very close frequency adjustment it has been 
possible to maintain electric time with a TnaviTmiTn 
error of not more than four seconds fast to four seconds 
slow in each month and with an average error when 
checking twice each day with Arlington of considerably 
less than one second. An inconvenience in operation 
due to this close time keeping operation results when the 
systems are separated for repair work on the tie lines 
or from fault reasons, for when the systems are paral¬ 
leled the clocks on each system must correspond to the 
second or the connection must be broken again to adjust 
the frequency and consequently the time until the 
clocks do correspond. 

Communication and Telemetering 

In recent years considerable attention has been 
directed toward those situations which have arisen in 
the communication field as the result of the rapid growth 
in power output, the increased transmission line mileage, 
and more particularly the extensive interconnections. 
The requirements brought about by the vastly improved 
services render^ by the power utilities have necessi¬ 
tated the seeking of more adequate communication 
facilities. The problems in this special field require 
every facility of communication to the end that the 
most economical and serviceable systems may be made 
available. One answer to this problem now b^ng used 
by several power companies of the interconnected sys¬ 
tem is the imification of private telephone services with 


the Bell Telephone System. Agreements have been 
entered into which provide for the termination of both 
privately owned circuits and leased circuits with suit¬ 
able protection in the same private branch exchange 
switchboard where such a connection ^ords the most 
desirable arrangement. 

The unified service plan makes possible circuits of 
proper transmission characteristics including the nec¬ 
essary freedom from noise. On power system com¬ 
munication lines the noise difficulty has been combated 
by using voice currents which tend to over-ride the 
induced currents to such an extent as to be intelligible. 
There is a limit, however, as to what can be accom¬ 
plished along the line of high powered transmitters 
without the use of costly vacuum tube amplifiers. 
T^nsmitters using large currents have short life and 
high maintenance costs. By utilizing the lines of the 
telephone company for the long jumps and the lines 
of the power company for radial short distance com¬ 
munication service, a circuit is obtained which is not 
noisy and which is highly efficient. 

Another method employed on tliis interconnected 
system for providing essential communication between 
power stations, load centers, and dispatchers is the 
carrier current telephone. The use of this system of 
communication has reached the highest stage of the 
art on the American Gas & Electric Company System, 
of which the Ohio Power Company and Appalachian 
Electric Power Company are members.® In July 1921 
the Ohio Power Company conducted tests on the 
Windsor-Canton 132-kv. line which was the first 
successful communication over high-tension power 
lines of such a high voltage in the history of the art. 
The unique use of a common frequency by two inde¬ 
pendent operating companies for intercommunication 
has been carried out in territory around Canton, Ohio. 
A frequency of 90 kc. is used as a common frequency 
between the systems of the Ohio Power Company and 
that of the Ohio Public Service Company. The Ohio 
Power Company stations at Canton and Shelby are 
able to communicate with the Ohio Public Service 
Company station at Massillon over the common inter¬ 
system channel between these three stations. 

One of the special services, to which reference should 
be made and part of the work of communication of a 
large interconnected system is that of distance meter¬ 
ing. Such a scheme is in use between the Windsor 
Power station, Charleroi Load Dispatching head¬ 
quarters and the Lake Lynn Hydro Station of the West 
Power Company, a total distance of 75 miles, 
utilizing the telephone wires on the 132-kv. tower line 
structures to transmit the total load of the Windsor 
Power Station to the West Penn System to the load 
dispatchers and the hydro station,® Another use 
made of telemetering is to transmit the load taken by 
the Ridgway division of the West Penn Power Company 
to the Piney hydro station of the Associated Gas & 
Electric System, which enables the latter system to 
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control correctly the flow in the interconnection between 
these companies and which interchange is involved 
with the use of the joint use facilities. 
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BY G. M. 

Fellow. A. 

Synopsis*—The possihilitiee of interconnection can only be 
realized when the system is effectively developed and operated. 

The interconnected system functions as a unit hut the companies 
owning the different parts have diverse interests which must he 
sufficiently coordinated both in development and operation io make 
the benefits of the interconnection available to all the participants. 
There is question as to how much coordination is sufficieni. 

The differences which exist between an interconnected system and 
a similar system under one ownership result either from the larger 
size of the interconnected system or from the variations in interests 
of the ownerships involved. 


KEENAN* 

I. E. B. 

Interconnection development usually tends io reduce generation 
costs while increasing transmission costs and hazards. Possibly 
there are some limits io the size of the interconnected system and the 
degree of coordination desirable between ownerships. Closed loop 
operation involving several companies requires attention. 

Interconnections may he operated by centralized direction or by 
cooperative methods between adjoining system operators. The unit 
characteristics of the system require some coordination of the group 
as a whole. Operation should be simplified as far as possible with 
adequate operating facilities. 

« III Nt ♦ 


I NTERCONNECTION is only one of the many 
factors contributing to the accomplishment of the 
purpose of the electric utility industry. The 
industry endeavors to provide the customer an electric 
supply, adequate in quantity, quality, and reliability 
for his requirements, at the place and time he wants 
it and at the minimum cost commensurate with a 
sufficiently encouraging ret\im to obtain the men and 
money n^ed in the service. As far as practicable, 
natural resources are conserved and the devdopment 
of the electric supply system is harmonized with public 
irrigation, navigation, flood control, and water supply 
projects. Justified interconnections conriibute their 
bit only when effectively developed and operated. 

Mr. Bauhan's paper on Interconnection Services 
defines interconnection, delineates and classifies its 
uses and indicates the procedure in evaluating a pro¬ 
posed interconnection. This paper attempts to outiine 
methods used and problems encountered in inter¬ 
connected system development and operation. 

S 3 mchronized operation of adjoining electric utilities 
has become such an established fact that no other type 
of interconnection will be considered here. 

Distinguishing Characteristic op Interconnection 
The synchronized electric supply system functions 
as a unit, all the component parts responding to varia¬ 
tions in the demands made upon it. This inherent 
unit characteristic is naturally recognized under the 
angle interest of one ownership. 

The interconnected system is a synchronized system, 
but the parts of it are ovmed by different companies, 
each of which must look out for its own interests. The 
unit characteristic must, therefore, be seen through a 
screai of diverse interests, and naturally is not as well 
defined nor as readily recognized as under one owner- 
ship. 

The distinguishing characteristic of interconnection 

*Supt. Pannsylvania-New Jersey Interooimeotioii., Hazleton, 
Pa. 
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is coordination of the efforts of a group of independent 
ownerships in the development and operation of a 
unified electric system. 

How much coordination is required? Some believe 
all the benefits of interconnection can only be obtained 
by developing and operating the system just as though 
it were all ovmed by one company; that the trend in 
tiiat direction is inevitable; and that the individual 
company’s interests need not be submerged. Others 
believe all the practical benefits can be obtained with 
much less coordination; that continuing interconnection 
over greater and greater areas so complicates complete 
coordinating arrangements as to make them economi¬ 
cally unjustified; and that greater results will be ob- 
tsdned by maintaining stronger company individuality. 

It is generally agreed that there must be at least 
sufficient coordination to care for equities in established 
contracts and to avoid penalizing any of the participat¬ 
ing companies. Any additional coordination economi¬ 
cally justifiable from the point of view of all the interests 
involved is equally acceptable. 

Development op Interconnected Systems 

There are two outstanding questions in interconnec¬ 
tion development. How far is the enlargement of the 
interconnected system justified? Shall power flow in 
closed loops be controlled by means of special , equip¬ 
ment or shall the power be allowed to flow as it w;ould 
under one ovraership and the equities of each company 
be cared for by net billing of the algebraic sum of the 
power flow on all of its connections into the loop? 

Other engineering problems involved in the develop¬ 
ment of the interconnected system are e^ntially those 
of a similar s 3 rstem under one ownership. However, 
ance few independently owned systems develop to the 
size of the moderate inta*connected system, it may be 
appropriate to outline some of the problems and possi¬ 
bilities which have arisen. 

Gmeration. Reduced capital and operating costs of 
generation usually result from interconnection. The 
development problem is so to take advantage of all 
of these possibilities as to achieve minimum total cost 
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with maximum rdiability in the total generating ca¬ 
pacity of the system. Economically balanced distribu¬ 
tion of capacity among the various types of steam 
stations and hydro stations, properly correlated for the 
absorption of all available by-product power from irri¬ 
gation, navigation, flood control, water supply, and 
industrial developments is an intricate problem new 
in the breadth of its scope and possibilities. Heavy 
transmission for interconnection purposes at times 
justifies development of generating station sites other¬ 
wise unavailable due to transmission costs. 

The trend in steam generating stations has been 
toward the largest unit which will economically fit 
into the system with practically no reserve provided 
in the individual stations. However, there are inviting 
possibilities in considering the transmission network as 
the bus and strategically locating large economical units 
in relatively small stations close to the load. 

The flatter generating station load curve resulting 
from all ts^pes of diversity offers opportunities for the 
use of more economical vapor cycles not flexible enough 
to meet the demands of smaller systems. The station 
however, must be sufficiently flexible to meet the 
responsibilities imposed upon it by the variations in the 
hydro and by-product power. 

The large peaks and proportionately large steam 
capacities of interconnected systems justify water power 
developments which could not be absorbed by smaller 
systems. The load characteristics of the system com¬ 
bined with the diversities in the flow of different streams 
and the increased quantities of low cost power available 
at off peak pwiods appreciably affect the justification 
and design of pumped storage and all other types of 
hydro stations. The design is further affected by the 
possibilities of using the generators as synchronous 
condensers and automatic stand-by capacity. 

Transmission. Interconnection usually increases 
both capital and operating costs of transmission by 
increasing the quantity of transmission, the capacity of 
the units and the reliability requirements. This 
increase as a rule is partially offset but rarely equalled 
by the decrease produced in the internal transmission 
costs of the individual companies. 

The transmission development problem is to discover 
means of reducing costs while providing an adequate 
reliable transmission network from the generator to the 
distribution system. Possibly these means of reducing 
cost do not exist in available equipment but can only 
be formd in some entirely new development such as 
high-voltage direct-current transmission. 

Int^connection tends to increase the transmisrion 
hazards to which each company is subjected by increas¬ 
ing the exposure due to the increased mileage of trans¬ 
mission fines tied together, by increasing the number of 
equipment units subject to inherent failures, and by 
increasing the current demands on equipment. The 
problem in development is to minimize the number of 


faults resulting from these hazards and the effect of the, 
faults on the service. 

Units of transmission and generation are going to 
fail even with faults from hazards reduced and adequate 
localization accomplished. At times such failures are 
going to separate sections of the system. The design 
therefore, must permit prompt resynchronizing. When 
the section separated from the system does not have 
adequate capacity to carry its load the set-up should be 
sufficiently flexible to drop the required quantity of 
load quickly. 

The mechanical behavior at the point of support of 
the large conductors on high capacity long distance 
transmission lines is not well enough understood. 
Some scattered studies and tests are being carried on 
but a broad coordinated scientific attack is needed first 
to establish what is actually taking place at the point 
of support of these conductors, and second to devise 
methods of support to handle satisfactorily the actual 
conditions. 

Much has been done to analyze and control short- 
circuit current, stability, voltage regulation, and power 
flow in closed loops, but with the increasing size of syn¬ 
chronized systems the problems are becoming both 
more important and more difiicult of solution. Closed 
loops are developing rapidly and in some cases are 
hundreds of miles in circumference, involving many 
ownerships. Some general coordination of develop¬ 
ment is essential if the ownerships involved in these 
loops are to continue to get the benefits which justified 
their individual interconnections. 

The development of the synchronized transmission 
system would be greatly simplified, the cost reduced, 
and operation improved by standardization of trans¬ 
mission voltages and phase relations. 

System Operating Facilities. Planning, engineering, 
and operating groups cooperatively develop the system 
operating facilities necessary to indicate at all times the 
performance of the system and the adjustments re¬ 
quired. As nearly as may be, controlling information 
on system performance is transmitted directly from 
the point at which it is observed to the point where 
compensating adjustment must be made. A fun¬ 
damental communication and control plan should 
be developed, economically utilizing as required one 
or more of the following types of equipment: tele¬ 
meters, telet 3 q)es, telecords, pneumatic tubes, open-wire 
telephone, cable telephone, carrier-current telephone, 
radio, remote control, supervisory control, automatic 
frequency control,, automatic load regulation, and 
dispatching boards. 

Experience seems to indicate that the communication 
and control system is rarely planned with the breadth 
of scope, the unity of purpose, and the economical 
utilization of available elements which the importance 
of operation justifies. Consolidation and correlation 
of guiding information are expedited by totalizing 
metering, and by system diagram boards both auto- 
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maticaJIy and manually controlled which portray what 
IS occurring, establish the status of the elements in the 
system, and indicate necessary adjustments. 

An ideally regulated interconnected system would 
economically and promptly distribute load variations 
over all generating equipment in operation. Instan¬ 
taneous consolidation and centralization of complete 
load information seems at present economically im¬ 
practical. Something other than load therefore, must 
be used as the guiding factor. The automatic distribu¬ 
tion of the necessary load control impulses to all generat¬ 
ing stations to cause them to share the variations in 
load is possible but has not been used. It seems 
probable however, that refined frequency indication 
offers a guide to the variations required of generating 
equipment. 

A standard frequency of great accuracy can be made 
available at all generating stations. Since the actual 
interconnected system frequency will be the same at 
all points, a measure of the divergence of this actual 
from the standard frequency offers a means of instan- 
taneoudy and simultaneously adjusting generation at 
all stations to meet load variations. The problem has 
not been solved however, and a complete analysis is 
n^ded of the functions and the relations of steam tur¬ 
bine and hydraulic turbine governors, over-speed stops, 
automatic frequency and load regulatore, and all other 
factors. 

Metering. The metering equipment used in billing 
interconnection power requires more rational treat¬ 
ment than it has received in the past. Complicated, 
expensive, and yet inadequate metering has frequently 
resulted from attempts to predict definitely and to 
provide exactly for all theoretical equities. Actual 
operation has usually indicated a dearth of operating 
meters and an excess of billing meters. 

Flexible transmission busing and switching arrange¬ 
ments almost invariably force the metering equipment 
onto the high-tension circuit. Equipment at these 
high voltages is a relatively new development about 
which much additional information is necessary. Both 
the voltage and the newness of the development make 
the equipment expensive and apparatus should be 
developed to accomplish the desired result at reduced 
cost. 

Interconnection Operation 
Objective of Operation. The objective of electric 
supply system operation is to produce most economi¬ 
cally the most reliable service possible with the system 
provided while efl&ciently accomplishing mainteTinnpe . 
The coordination of the performance of all of the 
opereting and maintenance personnel and operating 
equipment on the system to accomplish this objective 
requires planning and execution. The planning neces¬ 
sitates a forecast of the load demands and maintenance 
requirements and the establishment of a schedule of 
the activities to meet these demands and requirements 


econo^cally. The execution of the plan requires 
coordination of load demands, maintenance require- 
naents, personnel, and equipment to meet the schedule 
with such adjustments as are necessary in actual 
performance. 

Interconnected system operation differs from system 
operation under single ownership only in the method 
by which the objective is accomplished, and in the 
necessity for properly taking care of the equities result¬ 
ing from differences in ownership. 

Since little has been written on the planning and 
execution of system operation it may be appropriate 
to review briefly the manner in which this is usually 
handled on a system imder one ownership realizing i-hsit 
centralized interconnection operation follows practi¬ 
cally the same procedure. 

Planning Operation. Centralized system operation 
is the imiyersaJ practise under one ownership. 

Predictions are usually made of the monthly average 
and peak load demands and the maintenance require¬ 
ments as far in advance as necessary. A guiding 
annual schedule for major maintenance is thAn pre¬ 
pared. It is assumed that arrangements have been 
made for adequate installed capacity or for purchased 
capacity to care for the maximum annual demand. 
It is recognized that daily maintenance requirements 
and variations from annual predictions on load demands 
must be taken care of by more detailed estimates and 
schedules prepared monthly and weekly and adjusted 
daily and even hourly. 

Weekly forecasts usually prepared on Thursday or 
Friday for the following seven days are based upon a 
detailed study of load requirements and up-to-date 
information on daily maintenance work. The shape 
of the load curve at periods of rise and fall and at peak 
and valley pmods of less than one hour duration must 
be known. The height as well as the contour of the sys¬ 
tem load curve must be established as accurately as 
possible. This total system load and maintATiatT i ce in¬ 
formation must then be broken down into load areas. 

With this predicted load demand and maintAngTiAA 
requnement information, generating equipment is 
lyovided to protect against hazards and provide con¬ 
tinuous service not only for the system as a whole but 
foyeach of the load areas. Knowledge of the charac¬ 
teristics of operating response of all of the equipment 
on the system to varying types of normal and emer¬ 
gency conditions is required. 

Generators, ftequency changers, and synchronous 
condensers and the loads on them must be gfthAdxfled 
to produce the lowest total production cost while utiliz¬ 
ing all of the hydro and by-product power available 
up to the point where the cost of this power delivered 
exceeds the cost of other power. Knowledge of by¬ 
product and dump hydro power which is going to be 
available ^d of the factors entering into the cost of 
power delivered at any given point on the system is 
necessary. Cost of maintenance work at different 
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PCTiods must be balanced against the increased operat¬ 
ing cost it necessitates. 

Available hydro must be predicted based upon the 
factors entering into the run of stream hydro, piimped, 
and natural storage hydro, and hydro available from 
irrigation, navigation, flood control, and water supply 
developments. Information is necessary on probable 
weather conditions, ground water, snow on ground, 
rainfall over water sheds, long time predictions of 
rainfall and all of the other factors that enter into regula¬ 
tion of water power. Where there is more than one 
ownership involved in a water power development the 
utilization should be coordinated. 

Complete and accurate starting and stopping costs, 
no load running costs and instantaneous incremental 
fuel and maintenance costs must be available on all 
fuel stations. It is important here to stress the differ¬ 
ence between the incremental cost referred to for esti¬ 
mating purposes in Mr. Bauhan’s paper and the in¬ 
stantaneous incremental cost necessary in scheduling 
operation. Cost of labor and supplies in generating 
stations are so nearly fixed that except in special cases 
where stations can be shut down for long periods they 
are not usually included. Methods of arriving at in¬ 
cremental costs and using them to get most economical 
S 3 rstem loading have been described in the technical 
press. 

Costs at the generating station when considered in 
scheduling load distribution must be prop^ly com¬ 
pensated for transmission losses. 

. The loading schedules arrived at in this manner must 
be continuously studied in relation to the corresponding 
actual results and the necessary adjustments and 
improvements made. Operation planning has not 
always received the attention it deserves. Methods of 
load forecasting require improvement for greater 
accuracy. Additional knowledge is needed on practi¬ 
cally aU of the factors entering into prediction of avail¬ 
able hydro especially where large storage and complete 
regulation of stream flow is possible. Thorough co¬ 
ordination is needed with industrial and public develop¬ 
ments having by-product power available. 

. Methods of establishing instantaneous fuel increment 
costs on running machines, starting and stopping costs, 
and no load running costs are well developed but much 
better basic test information is needed on many sys- 
tons. The maintenance element of instantaneous 
incremental cost is influenced by many factors which 
are not capable of correct quantitative analysis as a 
function of load. Some studio have indicated that the 
ratio of fuel plus maintenance increment costs to fuel 
increment costs alone may vary under different assump¬ 
tions from 1.06 to 1.45. 

No exact method exists for conveniently determining 
the effect of transmission losses under operating con¬ 
ditions on the cost of the pow^ delivered. 

The method of developing the most economical load 


schedule from all these data needs considerable analysis 
and study. 

Planning on Interconnected System. Planning opaa- 
tion on the interconnected system where centralized 
direction has been established follows practically the 
procedure outlined, but each ownership is responsible 
for providing all the required information from its 
system in such form that it may be easily coordinated 
into an interconnected system picture. Due to the 
size and expanse of the system, the problem becomes 
correspondingly complicated. For example, how much 
operating reserve does such a large system need, how 
shall this reserve be apportioned between the ownerships 
and how shall those ownerships not carrying their 
proportionate share comi)ensate the companies who are 
sustaining them? 

When centralized direction has not been established 
each company carries through its own planning as out¬ 
lined and then checks with adjoining companies. 
Knowing the costs of the blocks of generation above and 
below that sufficient to carry its own load each com¬ 
pany determines with its neighbor whore load and re¬ 
serve can be placed most economically. 

Executing the Opercding Plan. Execution of the 
operating plan under one ownership is invariably 
directed by a central position variously called system 
operator, load dispatcher, power director, and so on. 
S 3 rBtem operator will be the name applied to the position 
directing the operation of the individual company, and 
local system operator will be the name applied to the 
sub-centers on the individual companies. The local 
S3rstem operator takes coordinating direction from the 
ssrstem operator. 

The system operator keeps in touch with the demands 
made upon the system and the performance of the 
persoimel and equipment in meeting those demands. 
His course is charted by the schedule of operation which 
has been prepared. He relates the demands as they 
develop to the predicted demands and from his thorough 
knowledge of all of the elements on the ssrstem, adjusts 
the performance of equipment and personnel most 
economically and effectively to compensate for devia¬ 
tions of the actual from the schedule demand. 

The details of directing are so numerous it is essential 
to develop a method of procedure which delegates 
detailed observation of indications and responsibility 
for compensating adjustments as far down the line as 
possible, superimposing direction only where coordina¬ 
tion is necessary between operating points. Every 
switchman, substation operator, and generating station 
operator is usually allowed to do all that he can without 
coordinating direction from the local system operator 
who in turn handles all he possibly can in his area with¬ 
out coordinating direction from the S 3 rstem operator. 
Methods of procedure and standard practises are estab¬ 
lished through written , operating instructions so as to 
reduce to a minimum the amount of direction necessary 
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bo^ in emergency and in normal operation. Com¬ 
plete and thorough training of all the operating person- 
nel IS essential to be sure that everyone can be counted 
upon to respond promptly as expected and thus get 
hamomz^ action over large areas though individuals 
in the performance do not know what other individuals 
are simultaneously doing. 

When such a system is well estabUshed with well 
trained personnel, lightning storms and similar emer¬ 
gencies are satisfactorily handled without any one 
peraon being acquainted with all that is taking place. 
In fact it often becomes necessary to spend some little 
time on assembled records in order to determine what 
actually has happened and whether or not the equip¬ 
ment and personnel have functioned properly. 

The operating personnel must have a broad knowl¬ 
edge of surrounding system conditions to accomplish 
this harmonized performance. Such continuous in¬ 
formation on s37stem conditions as will assist in perform¬ 
ing the function of a particular operating point must get 
to tlmt point. ^ Changes in generation to compensate 
for differences in actual and scheduled load conditions 
require a convenient method for the system operator 
to determine the most economical adjustment. Methods 
of correlating and automatically acting upon informa¬ 
tion are being developed and will undoubtedly be more 
widely applied. 

liOcal sjretem operators and S375tem operators must 
be increasingly able, well trained, experienced 
considerate and diplomatic, but with the broad knowl¬ 
edge and judgment necessary to make quick accurate 
delusions and translate them into action through 
direction over the telephone. The performance of the 
system in fulfilling its objective finally depends upon 
the quality of system operation. The importance of 
these men and their perfomance has not always be^ 
sufficiently appreciated and there is a shortage of well 
trained, well educated, able men. 

Executing ^ Operating Plan on Interconnected 
System. An interconnected system operator coordi¬ 
nates the performance of the individual companies 
where i^ntralized direction is provided on the inter¬ 
connection. System operators do not report to the 
interconnected system operator any more than a switch¬ 
board opo^tor repo^ to a local system operator. 
Offiy such coordinating directions are given and re¬ 
ceived in each case as are required to produce depend¬ 
able, economical, unified operation. In neither case is 
there any need for loss of individual initiative or re¬ 
sponsibility. The function of the interconnected 
system operator is in some cases simply assigned to 
some system operator by mutual consent of the com- 
pmiies involved. 

Most existing interconnections have no centralized 
direction. The system operators of adjoining companies 
coordinate the performance of thdr companies and by 
such action progressing through the interconnected 
group produce unified operation. Many companies 


have handled their own operation in exactly the same 
manner between the switchboard operatois at two or 
three generating stations before system operators were 
justified. The effectiven^ of the decentralized method 
is increased by occasional meetings of those directing 
the operation of the individual companies. Operating 
problems and practises are reviewed and mutual agree¬ 
ment reached on methods of procedure. 

In a closed loop interconnection without phase 
shifting transformers or other special equipment it is 
impossible to direct the power flow. Adjustments can 
only be made for the individual company’s conditions 
by so regulating that company’s generation as to 
produce the net power flow desired. No satisfactory 
method of accounting for equities in interconnected 
loop operation through several companies has yet 
been developed. 

little attention is paid to the power flow on tie lines 
in a system under one ownership imtil there is danger 
of reaching some physical limitation on the circuit. 
Power flow on tie lines between different ownerships in 
int^onnection however, becomes one of the bases on 
which money is exchanged. All the different dasses 
of power referred to in Mr. Bauhan’s paper have dif- 
fffl^t values and even the same type or dassification 
will have different values at different times. It becomes 
part of the execution of the operating plan in intercon¬ 
nection therefore, to sort out, dassify, and account for 
the different dasses of poww flowing. Unless care is 
exerci^ in establishing the prindples not only in 
operation but in the contract, this work is likely to 
become excessivdy complicated. 

So-called incidental or uncontrollable power will 
flow across the interconnection as long as the properties 
are synchronized even though no power flow is sdied- 
uled. It is necessary, thOTefore, to have an inddental 
rate which will encourage complete utilization of the 
instantaneous diversity without penalizing anyone. 

An encouraging emergency rate which will induce 
ev^one to rely upon the interconnection reserve, but 
which will at the same time adequately compensate 
those properties producing the powea* in an emergency, 

IS necessary. The rate used for a sustained emergenqy 
must compensate the property supplying the capadty 
and yet not too severely penalize' the company iiaing 
tile capadty unless the necestity for this use has arisen 
from negligence in maintenance, poor plgnniTig jn 
devdopment, or willful leaning to prevent investment in 
capadty. 

Summary 

The possibilities of interconnection can be realized 
only when the system is effectivdy devdoped and 
operated. 

The interconnected system is an dectric supply unit 
wMch functions like a dmilar system under one ownerr 
ship. Such differences as exist result dthCT from the 
larger size of the interconnected system or from the 
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multiplicity of interests resulting from the number of 
ownerships involved. 

Possibly there are some limits to the size of the 
interconnected system and the degree of coordination 
desirable between ownerships. SuflBdent coordination 
to satisfactorily operate closed loops involving several 
companies is becoming essential. Ample facilities 
should be provided to simplify the operation as much 
as possible. 

Is not interconnection much like democratic govern¬ 
ment in which the companies are the individuals? The 
total benefits to be shared are in proportion to the total 
participation and the regulation imposed on the indi¬ 
vidual participants should be the minimum necessary 
to make the mutually attainable benefits propor¬ 
tionately available to all. 
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Discussion 

INTERCONNECTION SERVICES 

(Bauhan) 

INTERCONNECTION—NEW ENGLAND DISTRICT 

(Dillard and Bell) 

PENNSYLVANIA-OHIO-WEST VIRGINIA 
INTERCONNECTION 

(Fitch) 

INTERCONNECTION DEVELOPMENT AND OPERATION 

(Keenan) 

H* K. Sels: Mr. Bauhan has presented very logical and lucid 
definitions of interconnection and the various services to be 
rendered by it. As a member of a group working on definitions 
under the direction of the Joint Intercoimectiohs Subcommittee 
I should like to see these definitions accepted as a standard. 
One engineer refers to load diversity where another calls it 
peak diversity and economy flow called dump power. If these 
terms could be standardized it would prevent possible confusion 
and misunderstandings. It would serve to fix the relative im¬ 
portance of the various services in engineering design as un¬ 
doubtedly each class of service will justify different amounts of 
spare capacity and equipment. For example, economy flow 
might not justify any spare capacity or equipment where un¬ 
doubtedly firm power could justify sufficient spare equipment 
to insure a high continuity of service. In contractual relations 
accepted definitions would provide useful terms in writing 
contracts which would have a better legal status. 

To amplify Mr. Keenan’s example of a multifamily house 
compared to interconnection and the cooperation necessary, it 
would be possible for a group of families to have things in com¬ 
mon such as billiard rooms and ballrooms. So too with inter¬ 
connections it is possible to have common plants built economi¬ 
cally at the most desirable location to obtain maximum operating 
economies. In this way individual plants would become more 
or less independent of the load and the problem then becomes 
how to operate the total generation plant the most efficiently. 
So we have a concentration and saving in generation compared 
to a lesser addition of transmission and distribution. While 
systems will continue to grow due to consolidations inter¬ 
connection has and will continue to increase materially the size 
of systems. 
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Attention may be called to the added importance of load and 
frequency control and the importance of investigations of light¬ 
ning in transmission lines, development of standard test waves, 
and coordination of insulation with interconnection. Incor¬ 
porating in our standards the results of some of the investiga¬ 
tions will facilitate the development of interconnected systems 
in a standardized and economical manner. 

H. G. Harveys Mr. Bauhan's paper deals primarily with the 
interchange of power or kilowatts between operating companies. 
However, the phraseology of his paper throughout indicates that 
he had the interchange of reactive kva., or voltage control very 
clearly in mind although he did not specifically mention it. 
It might be pointed out that with a few very obvious modifica¬ 
tions, the main service divisions which he outlined can be 
applied to reactive kva. as well as to true power flow or kilowatts. 

There is a subdivision of his first division “Emergency Service” 
which Mr. Bauhan does not bring out in his paper, probably 
because it does not affect contracts. However, since it is a 
potential source of difficulty it might be well to point it out. 

What is ordinarily thought of as emergency service, lasts 
for an appreciable length of time, anywhere from 15 minutes to a 
number of days or even weeks. However, there is another class 
of emergency service, of a more transitory nature, which lasts 
from something like one-half a second to one or two minutes. 
Tliis occurs, for example, when a distant tie line or generator 
comes off the line due to a switching operation and a surge or 
bump is thereby set up in the system. Under such conditions, 
the presence of the interconnection may mean the difference 
between dropping load and riding through successfully. The 
value of this service naturally cannot be measiu^d by the power 
taken over the interconnection dxiring the very limited time 
necessary for the readjustment of the load to a normal condition. 
In instances where a company with a relatively low standard of 
service is interconnected with a company with relatively high 
standard of service, the result of the interconnection is that the 
first company gets a higher grade of service, with fewer momen¬ 
tary interruptions, while the second company may have a lower 
grade of service with more voltage disturbances and the like as a 
result of the interoormection. As far as I know, no means have 
as yet been devised to adjust equitably for this condition. I 
have, however, known of cases where this condition has been a 
source of friction and difficulties among the load dispatchers and 
that part of the operating personnel charged with the control of 
the actual physical interconnection. 

M* M. Samuels: Engineers are prone to forget the fact that 
the answer to the majority of engineering investigations should 
not be of an engineering but of an economic character, because 
in the final analysis, the answers must be submitted to executives 
in simple form, and executives are satisfied to let the engineers 
go through with elaborate engineering investigations, but they 
are not satisfied with engineering answers; they must have 
economic answers. Mr. Bauhan correctly stresses the economic 
side. Yet he does not altogether eliminate intermediate engi¬ 
neering features from his answers. 

Since fixed charges make up the principal part in the cost of a 
kilowatt-hour, it is important that an attempt be made to come 
to a definite understanding as to what items enter into fixed 
charges. Steam plant fixed charges are variously given between 
10 and 18 per cent, substation fixed charges are found given as 
low as 8 per cent and as high as 17 per cent. This is not caused 
by the fact that one plant actually shows a lower fixed charge 
than another, but that one considers an item a fixed chaise, 
whereas the other considers the same item an operating charge. 
Furthermore Mr. Bauhan speaks of the “fixed element of 
production expense” and goes so far as to say correctly that the 
effect of its avoidance is “similar to avoided fixed charges.” 
This method is universal, but why? If it is a fixed charge, and 
everyone, mcluding IVIr* Bauhan, seems to agree that it is, why 


not call it a fixed charge and include it as an item in the total 
fixed charges? 

The evaluation as described in the second chapter of the paper, 
with its subdivision, is very logical and systematic, but it is of 
an intermediate nature and not the final analysis to bo presented 
to executives. Under the heading “Capital Cost Savings,” 
Mr. Bauhan states: “and they are in any event of importance to 
the executives who are concerned with financing the project.” 
In this remark lies the key to the incompleteness of Mr. Ban ban’s 
second chapter. He considers the engineering featriires as of 
primary importance and the purely financial and economic 
features of interest to executives as of secondary importance, 
whereas the reverse is the case. It is no doubt for tliis reason 
that he discusses production in such detail. The following ai*o 
suggestions in systematic form of what is of interest to execu¬ 
tives, and what should finally be presented to tJiem for each 
year of each plan after the evaluation feature studios suggested 
by Mr. Bauhan have been completed. 

1. Total kilowatt-hours delivered to load centers, whether 
generated or purchased, for each year, each plan, each system, 

2. Total cost per kilowatt-hour at load center for each year, 
each plan, each system. 

3. Over-all plant factor of all generating stations for eaoli 
year, each plan, each system. 

4. Capital to be invested each year, ejich plan, oacli system. . 

6. Degree of reliability for each year, each plan, each system. 

Total Kilowattr-Hour Delivered to Load Center. The executevos 

are not interested so much in the kilowatt-hour generated or pur¬ 
chased, but more in the kilowatt-hoxir delivered to load center 
for distribution. As a matter of fact, they are really interested 
only in the cost per kilowatt-hour delivered to customcirs. It is 
quite fair and sufficient for the range of Mr. Baulian’s paper to 
estimate energy delivered to load center, because the distribu¬ 
tion will be the same whether there is interoonnootion or not. 

Over-All Plani Factor. It would seem offhand that the plant 
factor would bo of very little interest after capital investment 
and cost per kilowatt-hour are known. But it is of interest as an 
indication of plant utilization, and if the plant factor is low, some 
explanation is often called for. 

Capital Inveeiment. The cost of energy is not alway.s the only 
determining factor for the adoption of a plan. Soinctiinos it 
may be advisable to have a higher energy co.st if it can be done 
at a lower investment. Market conditions, uncertainty as to 
future load, and other features may make high investments 
inadvisable even if they appear to promise oconoinios. 

Degree of Reliahility. Absolute reliability can only bo had 
vdth plants that are shut down. With plants and lines in opei*a- 
tion, reliability is a matter of degree, and a decision must bo 
made in each case as to the degree of reliability that can be 
obtained for a definite price. It vTould be well to discuss this 
matter further and eventually establish standards for dogiws of 
reliability. The followiug ratings are suggested: 

A. Each load center has sufficient local generating capacity 
for emergency and also at least one incoming outside soimce. 

B. Same as A, except that some load centers have no out¬ 
side source of supply. 

C. Some load centers have insufficient generating capacity 

for emergency, but at least two incoming sources from outside 
each at least a double circuit. * 

D. Same as C, except single circuit. 

E. One somree, double circuit. 

P. One source, single circuit. 

The estimated degree of reliability should be gdven for each 
important load center, for each plan, each year, each system. 

In conclusion, I want to mention that at present it is very 
difficult to make any rational prediction as to future load 
President Hoover estimates a growth of 25,000,000 hp. in generat- 
mg capacity for the next 20 years. Translated into kUowatt- 
hours, this figure would seem extremely conservative; and yet 



1282 


KtBENAN: INTERCONNECTION DEVELOPMENT AND OPERATION Transactions A. I, E. E. 


the President is generally sure of his figures. Perhaps he had 
in mind that more kilowatt-hours can be gotten out of existing 
equipment. The growth of per caput consumption and the 
resulting per caput generation are likewise quite doubtful. 
Just now it is difficult to use past statistics to estimate future 
requirements. This uncertainty should lead to more inter¬ 
connections, but there are cases in which the same uncertainty 
will prevent interconnection. 

hm L. Perry* The operation of widely interconnected 
systems, whether under one ownership or under several owner¬ 
ships, has already demonstrated, as so many executives and 
operators well know, the improvements in power supply that 
are obtained in several particulars, such as 

1. Lower fixed charges. 

2. Better operating economy. 

3. More uniform frequency. 

4. Lessened voltage fluctuations. 

6. More reliable service during major accidents incident to 
power station and transmission operation. 

As Messrs. Dillard and Bell point out, executive staffs and 
operation staffs are undergoing an evolution. Operational 
supervision of interconnected systems is being delegated to one 
central group. This wiU enable each interconnected section to 
reap the benefits of interconnection such as those enumerated 
above without sacrificing appreciably any important assets of 
separate operation. 

There are several lines along which rapid developments are 
to be expected. Little is said in these papers about actual 
experience with simultaneous automatic frequency control at 
several power stations in an interconnected system, although as 
mentioned in Mr. Fitch’s paper experimental equipment is now 
in place for this and experiments are in hand. Widely different 
ideas exist as to what such automatic frequency control equip¬ 
ment does and should do, but I am confident great progress will 
be made in reducing instantaneous fluctuations on regulating 
stations and main tie lines, at the same time getting improved 
frequency. 

Pew transformer phase control equipments are yet in service. 
Yet, as overhead and underground circuits get loaded to capac¬ 
ity, economics will dictate their installation in some instances, 
particularly where it is desirable to close loops and still have 
control of power flow. Where buses at strategic points are tied 
together through circuits of different voltages, satisfactory opersi- 
tion has been attained, both in the east and in the west, in 
several instances without transformer phase control, but in other 
rnstances studies show that it will be very difficult to make the 
higher voltage line properly share the load with the lower voltage 
line unless transformer phase control equipment is installed. 
In instances where parallel circuits of the same voltage follow 
routes differing greatly in length, sometimes load ratio control 
will produce sufficiently equal division of current, even though 
most of the kilowatts take one route and most of the reactive 
kilovolt-amperes take the other with the result that the cost of 
phase control equipment is not justified. 

H« R* Kurth * The pioneer efforts of New England companies 
in solidifjdng the several systems through the medium of inter¬ 
connection has been amply justified by the savings in operating 
expense, and the mutual assistance rendered during periods of 
stress. Illustrative of this foresight is the 110,000-volt con¬ 
nection between Edgar Station and Millbury which was originally 
erected without contract but over which large quantities of 
secondary power have been transferred. 

During dry seasons sales of surplus steam power by the 
Edison Electric Illuminating Company of Boston have totaled 
sixteen million Mowatt-hours in a single month and this spring 
purchases of dump hydro power exceeded thirty-six million 
kilowatt-hours during April alone. At some periods of the year 
the normal lighting peak characteristic load curve of Edgar 
Station has been converted to nearly a fiat load, with greatly 


improved load factor, by the sale of surplus steam power during 
the lighter load period and purchase of firm power over the peakT. 
During other times the purchase of dump hydro power causes a 
lowered load factor, but the over-all system economy is simul¬ 
taneously greatly improved due to the low net cost of the surplus 
hydro power. Interconnections of ample capacity have per¬ 
mitted operation for maximum over-all economy of the several 
systems without loss of their corporate identities. 

There remains however between some sections of the inter¬ 
connected systems certain tie lines whose inadequate capacity 
causes frequent trip-outs with resultant upsets in load distri¬ 
bution, frequency, and voltage, the effect of which upon our 
customers may not receive sufficient recognition. Those 
industries employing continuous processes, dependent on a steady 
flow of energy at constant frequency and voltage are at times 
seriously affected by the heavy fluctuations which accompany 
the tie line interruptions. 

The stability of tie line operation is directly determined by 
the degree of accuracy with which each system regulates fre¬ 
quency at its own stations. It should not be a normal function 
of interconnected companies to maintain frequency by changing 
tie line load because of laxity on the part of another system in 
changing generation in step with its own load. 

The existence of long transmission Jine loops through several 
systems permits maximum protection to the several systems 
with the loop closed, but undesirable power flow around the loop 
frequently causes them to be operated open, with less stable 
operation of tie lines. The introduction of phase angle shifting 
devices into the loops seems inevitable for most satisfactory 
operation. 

The high grade of service normally rendered by the metro¬ 
politan type of system utilizing underground transmission 
methods perhaps makes its customers particularly susceptible 
to disturbances transmitted from another system through 
interconnections. The more severe of those disturbances, 
occurring during lightning storms, sometimes force separation of 
the interconnected systems in the interest of reducing the area 
affected. 

The occasional very severe disturbances due to loss of a large 
amount of interconnected system capacity has several times 
caused a load pick-up on the Edison system of 70,000 kilowatts 
without undue distress, thereby indicating the adequacy of the 
policy of protecting the largest single unit, be it generator or 
tie line. In the process of restoration to normal frequency and 
voltage the stations previously designated to pick up such load 
shifts may be dilatory in functioning, forcing other systems to 
assume the burden of load pick-up. 

These difficulties encountered in interconnection operation 
are frequently accentuated by inadequate communication and 
metering facilities. The Edison load dispatcher has direct 
telephone lines to the system operators of the New England 
Power and Eastern Massachusetts Electric systems. 

Past experience indicates that the success of interconnection 
operation depends primarily on the cooperation existing be¬ 
tween the several system operators, and we are pleased to report 
that the spirit of cooperation is paramount in New England. 

S. S. Seyfert* The analysis of the services and economics 
through interconnection made by Mr. Bauhan is most logical 
and complete. Messrs. Dillard and Bell point out the fact 
that these services and economics are considerably augmented 
under unified ownership or control. Mr. Pitch, in his paper, 
mak es the pomt that mutual understanding and good will 
among companies may produce the same advantages in kind as 
common ownership. In either of these two cases there is pre¬ 
sented to the public a condition that suggests a “power trust.” 

The public has now long accepted the idea of the power comr 
pany as an economically desirable monopoly within its territorial 
limits. It has aJso accepted the almost complete integration of 
the wire communication system as working toward the greatest 
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good of all. The numerous interconnections already effected 
er in the making have created a new situation in the power field 
which immediately suggests or even calls for a fuller degree of 
integration than now obtains. It would seem that if the pubUc 
could be educated as to the advantages and possibilities of 
interconnection and integration, and if the facts engineers are 
fully aware of could be expi'eased in their own terms and divorced 
from our technical language, it could be brought to stand 
behind and support our integrated power systems financiaUy 
and otherwise as it has done for other worthy projects in the 
past. 

A. H* SM ectnam: The Edison Electric IJluminating Company 
of Boston is the largest single customer of the New England 
Power Association and as such has been keenly interested in 
the development of the system of the New England Power 
Association, and in its interconnection activities with other 
New England systems. 

The first attempt at interconnection with the Boston system 
was initiated in an effort to ntilize the facilities of both systems 
in providing capacity needed in the minimum time and with 
the least investment. This connection, looked upon in the 
light of later developments, was a very limited attempt to apply 
IJie principles of interconnection. 

Tlie capjicity of the connection was approximately 15,000 
kva., and is made at 66 kv,, with lower voltage transmission 
through the thickly settled portions of the city of Boston. The 
line is on wooden poles and transformers are without ready 
means of tap changing, which has somewhat handicapped both 
parties in the use of the connection to maximum advantage, 
as the power factor at which the line operates is not under con¬ 
trol. The relay system initially was not adequate, and the 
capacity of the tie is so small in comparison with the capacity of 
the systems interconnected, that it is often unstable at times of 
system disturbance. 

In recent years the operation of this line has been improved by 
modernizing the relay system, and by the installation of syn¬ 
chronous condenser capacity at the approximate midpoint of 
the line. The capacity of the connection has also been increased 
to 22,500 kva. by adding water cooling connections to the 
transformers. 

The next interconnection, made a few years later, was of very 
much larger capacity, and utilized modern methods in the control 
of reactive energy. This connection was made between the 
Edison Company’s new Edgar steam station and the largest 
dispatching center of the New England system at Millbury. 

It consists of a double circuit 110-kv. steel tower line with a 
nominal capacity of 100,000 kva. Transformers at the Edgar 
Station are now of 75,000-lcva. capacity and are equipped for 
tap changing under load. There are two distributing substations 
of the Edison Company on this line, one of 30,000-kva. capacity, 
md one of 5,000 kva. This line was built, as has been mentioned 
in the paper, without formal contract between the parties, but 
with the knowledge that once in service it woidd serve for mutual 
support and provide opportunities for power interchange, on a 
profitable basis. Experience has indicated the wisdom of this 
construction, as instances are numerous of the benefits of mutual 
support and the accounts of both companies show substantial 
amounts saved due to interchange operations. 

The next interconnection was accomplished, not on the basis 
of interchange, but on the purchase of prime power from the 
New England system in lieu of the construction at that time of 
a new steam station by the Edison Company on the waterfront 
to the north of the city. This prime power is taken at the 
Woburn Station in the northern section of the Company’s 
territory. By agreement energy can be sent from the Edgar 
Station on the south to the New England Power Association’s 
system at Millbury, and a like amount drawn from the Associa¬ 
tion lines at Tewksbury and delivered to the Woburn Substation 
on the north. This receiving point on the north will be oon- 
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nected later with the proposed steam station just mentioned, 
when the additional distribution facilities and steam capacity 
are required. 

One very marked saving accomplished by the agreement 
permitting power transfer from Edgar Station via New England 
Power Association’s lines to the Woburn Station, was the 
postponing for the time being of a program which was then 
being actively considered by the company calling for the con¬ 
struction of a 110-kv. double circuit tower line from a point on 
the line between Edgar and Millbury to the present receiving 
point on the north at Woburn. This line would have accom¬ 
plished the same transfer of power as is now possible via the 
lines of the New England Company. Thus duplication in the 
construction of some 30 to 40 miles of line was avoided. 

At the Woburn Substation transformers are equipped with 
load ratio control and synchronous condensers are provided. 
When the connection is made to the new generating station, 
which will in turn be connected to existing stations, there will 
be need for phase angle control equipment. 

It will be noted that the Edison Company has equipped itself 
at all important transformer hanlcs involved in these intercon¬ 
nections with faciUties for tap changing under load, and with 
synchronous condensers, and is contemplating phase angle 
control equipment. It is felt that in the not distant future the 
necessity for more accurate control of kilowatts and kflovolt- 
amperes and voltages will necessitate the more general use of 
this class of equipment, and that the New England Company 
has been exceptionaUy fortunate in being able to operate to the 
satisfaction of so many interconnected parties, without having 
as yet to resort to this refinement and consequent expense. 

The interconnection activities with the New England Com¬ 
pany have indicated very plainly the advantage and necessity 
for the closest cooperation in the development of the relaying 
system as applied to the interconnecting lines. 

Frequency troubles were numerous in the early days, but 
these have now disappeared entirely as a result of the application 
of automatic frequency control equipment. . Interconnection 
bmgs increasiiig voltage disturbances, but these undoubtedly 
will be gradually overcome by improved switching and relaying 
equipment and by more adequate shielding of lines. 

We wish to lay particular emphasis on one point mentioned 
by Messrs. Dillard and Bell, that of the importance to the suc¬ 
cessful operation of any interconnection of a mutual spirit of 
cooperation and good will regardless of formal contracts. 

Al^. E. Bauhan: Mr. Sels has intimated that the general 
adoption of a nomenclature for interconnection services would 
improve the legal status of interconnection contracts. This is 
very true. In the absence of a nomenclature generally accepted 
by the industry it is necessary for the various services to be 
specified and defined in considerable detail in the mterconneGtion 
contracts. Several p^agraphs may be required to give the 
same meaning as’a few words from an accepted nomenclature. 

A nomenclature generally accepted by the industry will be given 
due recognition by the courts. This is, therefore, one good 
reason why it might be advisable to develop an official nomen¬ 
clature for interconnection services. 

Mr. Harvey points out that one of the services rendered by 
interconnection is the amelioration of voltage fluctuations due to 
minor disturbances and that the benefits resulting therefoom are 
difficult to evaluate. It is of course quite true that service 
existe and imder the present classification it is undoubtedly a 
manifestation of emergency service. Because of its difficulty of 
measurement and evaluation it must be considered as one of the 
several intangible benefits which arise from interconnection. 

In calling attention to the reactive component service which 
might be rendered by an mteroormection, Mr. Harvey touches on 
a subject which was considered in the preparation of the paper 
but left out in the interest of simplicity and brevity. The reac¬ 
tive component service rendered by an int^onneotion can be 
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classified very much the same as the energy service. All of the 
main classifications -which have been offered, with the exception of 
that designated as storage power, are applicable to reactive com¬ 
ponent transactions. It may be mentioned that my own 
company has been engaged in reactive component economy- 
flow transactions with one of its neighboring companies—^reactive 
component from synchronous condensers being supplied by one 
of the companies in replacement of the more expensive supply of 
reactive component from a turbine generator in the system of 
the other company. 

A classification such as presented in the paper, as Mr. Samuels 
remarks, is not the result of a brief examination of the subject, 
but rather the result of several years of development and experi¬ 
ence as well as of an analysis of what services are being under¬ 
taken and contracted for in the industry generally. 

Mr. Samuels is of the opinion that fixed element of production 
expense can be combined with fixed charges and considered as a 
single item in any evaluation procedure. It is true that the fixed 
element of production expense behaves very similarly to fixed 
charges and I see no objection to their being combined for report 
purposes. However, they arise from entirely distinct accounts 
and must in any event be separately determined in anything 
but the most superficial study. 

Mr. Samuels also gives a word of caution regarding the uncer¬ 
tainty of future loads and installation plans. We engineers are 
prone to set up certain basic assumptions in our studies involving 
loads and development programs and then after performing 
various cleancut mathematical operations, arrive at a conclusion 
which we regard as definite and infallible. As Mr. Samuels 
states, the estimation of future loads is fraught -with uncertainty 
and notwithstanding the fact that development programs are 
frequently laid out for ten or more years in advance it is doubtful 
that such programs can be dependably predicted more than three 
years in advance. The results of evaluation calculations must 
therefore be used with good judgment. 

Professor Seyfert believes that the contents of the papers of 
this session should be made available generally to the public in 
non-technieal language to show what the much-maligned power 
utilities are doing by interconnections and mergers to reduce the 
cost of electric service. In this connection I am prompted to 
venture an opinion as to the effectiveness with which these inter¬ 
connection savings are realized under independent operation and 
under merged operation. My guess would be that ordinarily 
something in the order of 60 per cent of the possible savings are 
realized in interconnection between companies. With the appli¬ 
cation of an unusual degree of skill in the discovery of these 
savings and their realization by well conceived contractual 
relationships possibly an upper limit of 80 per cent of the savings 
can be realized. With merger and consolidation of the system 
operations substantially aU of the savings are realized. 

Mr. Sibley states that in his own systems the savings from 
economy flow are relatively small, being of the order of 6 per cent 
of the total production expense. This is the usual experience, 
although in some few cases the economy-fiow saving is the main 
justification for the interconnection and is sizeable. In the 


220,000-volt intercoimection which my own company 
entered into with companies in eastern Pennsylvania the iriaih 
justification for the interconnection arose from load divers! 
Since it has been in partial operation we have discovered, 
ever, that the capacity savings arising from emergency servK^S 
are still more important than those arising from load divers 
The savings arising from economy flow, in this case, tboiiffH 
appreciable, are relatively unimportant, appearing to be abcjul. 
6 or 10 per cent of the total. Those savings which result in tliq 
avoidance of capacity installation are generally far more 
portant than the relatively small production-expense savi*i«;*S 
arising from economy flow. Nevertheless, small or large, t\ 
saving is a saving and should not be overlooked, especially sin<5<^ 
economy-flow savings are so easily realizeable. 

I* M. Moultrops The paper by Messrs. Dillard and 
gives much valuable information on the subject of 
interconnection in the New England District, and emphaBiscoN 
many of its advantages. 

One point not touched on is that of frequency control. In 
the past many people have felt that there was serious dilllcitlty 
in connecting hydro with steam plant, because the frequcaitiy 
control of the hydro plant was not up to the same qualit.y ass 
that of the steam plant. This was undoubtedly true a wliili' 
back, but need not be true today. The engineers of the 3iosl«>ji 
Edison Company can speak from actual experience on tliiss 
subject; and they wish to go on record that when the hydro plan (. 
is operated with frequency control equal to that of our stcuxin 
plant, the frequency is kept imiformly to a high standard. J3y 
means of improved apparatus and more care in operating, 1 lu' 
hydro company is matching us in the quality of its frequ<uic*,y 
control and possibly under certain conditions of load the hy<lrf> 
plant is a little better than the steam plant. No one need to 
hesitate in the future about tying steam plant and hydroelecs trie 
plant together so far as the matter of frequency control is 
concerned. 

Another point that is very essential to good service over* nn 
interconnection is load dispatching. The load dispatch urn of 
the two systems must be in close contact with one anotlic‘r. 
It is not necessary for the load dispatching of both system n to 
be under one control, and it is probably better for each sysl^cmi 
to have its own load dispatcher, but they must cooperates and 
work in harmony with one another. One thing that will mat;ori^ 
ally help this is the load dispatchers conferences that are bold at 
intervals where the interested people of both systems goti 
gether, discuss their mutual and particular problems and 
change ideas. All these things are very helpful, but what i .‘4 
equally helpful is establishing the personal relationship botwc*c.‘it 
the two groups of load dispatchers. When two persons 
suffieiently acquainted to call each other by their first names and 
meet at frequent intervals to discuss their work, they como to 
understand each other and each acquires a respect for the otllor^‘4 
ability and his problems, thereby eliminating much friction an<l 
misunderstanding. This is working out very well indeed with 
the New England Power System and the Boston Edinnn 
Company. 



Communication Services of Electric Utilities 
Underlying Considerations 


BY R. N. CONWELL,! 

Fellow. A, I. B. E. 


G. M. KEENAN,* 

FeUow, A. I. B. E. 


C. F. CRAIG,* and E. C. BRIGGS^ 

Member. A. I. B. B. Non-member 


Synopsis.^The paper outlines the communication requirements 
of electric utilities and suggests effective methods for meeting those 
requirements. Operating, customer service, and administrative 
activities are considered separately. However, the advantages of 
a unified communication system for all activities are outlined. 


The relative merits of cable, open wire, power line carrier and 
radio are reviewed. The use of communication channels for tele-^ 
metering and supervisory control purposes is discussed. 

The desirability of basic plans for establishing and operating 
communication systems for electric utilities is discussed in detail. 


T he elements of an electric utility must be 
effectively coordinated in operation to provide 
satisfactory electric service to the customer. A 
properly designed and constructed electric system, ade¬ 
quate tools and able personnel are essential, but until all 
of th^e elements are coordinated and operated as an 
electric supply unit, no service is rendered and no 
revenue earned. 

Effective coordination of the activities of an electric 
utility necessitates the establishment of communication 
channels for the continuous flow of information into 
organization centers and the prompt transmission of 
orders and suggestions from these centers to the points 
where action is taken. This paper outlines the com¬ 
munication requirements of an electric utility and 
suggests effective methods for meeting those require- 
mente. Particular attention is given to voice com¬ 
munication, as it seems to be especially adapted to the 
requirements of the electric utility. This is evidenced 
by the fact that about 85 per cent of the electric 
utility’s communication expense is for the transmission 
of the spoken word. The use of the word "communica¬ 
tion” throughout the paper assumes that the path 
used may be cable or open wire, power line carrier 
current or radio, either privately owned or leased. . 

^ The work of an electric utility may be considered as 
divided into three classes of activities: 

1. Operating activities, including dispatching, gen¬ 
erating and substation operation, emergency line 
patrolling and repairs. 

2. Customer service activities, including new in¬ 
stallations, disconnects, moves, service complaints, and 
comments, and 

3. Adm inistrative activities, including administra- 
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tive sal^ and business functions as differentiated from 
the service functions. 

Operating Acmvitibs 

Pig. 1 shows a typical organization for the handling 
of activities classed as "operation,” and indicates the 
communication channels usually available for the 
necessary flow of information between controlling 
centers and the points where action originates. A 
complete picture of happenings on the system at any 



Pig. 1 Ttpical Arbangbhbkt or* Commukioation 
Channhm fob Ovbibatino AoTrVCTIlIB OF Elbctbic tjTrUTIHa 


one moment is rarely available immediately because 
operation is simplified and speeded up by allowing each 
op^ting center to proceed on its own responsibility 
until the need for coordination with other operating 
points becomes essential. When this need arises, 
direction must be introduced from a diapatoiimg point 
which may be the directing center of the genffl-ating or 
substation, a local dispatching office, a local system 
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operating office or the operating office for the entire 
system. 

The communication facilities for operating activities 
need to be: 

1. Easy to operate and so arranged that commxini- 
cation service can be established quickly. 

2. Available at times when generating and distrib¬ 
uting facilities are in trouble and, therefore, as far 
as possible, not subject to the same hazards as power 
facilities. 

3. Of such quality as to avoid misunderstandings 
and permit conversations to be carried on with ease. 

4. Safe for use but not so protected as to be un¬ 
available for service during electric service difficulties, 
and 

5. Of sufficifflit capacity so that under the worst 
emergency conditions no serious delays will be experi¬ 
enced in restoring electric service. 

Heavy or important traffic requires the establishment 
of direct channels. Relatively light or unimportant 
traffic may be lumdled over routes established by con¬ 
necting two or more direct ehaimels together. Switched 
connections of this latter type tend to create trans- 
misson and signaling difficulties, and for this reason, 
are kept at a minimum. Two or more independent 
paths are essential where continuous service is to be 
provided. One of these paths may be designated as 
the regular or direct route over which a satisfactory 
grade of transmistion is required at all times. The 
other or back-up route may provide a somewhat lower 
grade of transmission, but it must be satisfactory for 
the handling of essential commimication during times 
when the regular route is not available. Diagrams 
showing the regular and em^gency rout^ for calls 
between specified points are helpful in properly dis¬ 
tributing the traffic in tiie larger systemB. 

Many operating points, such as generating stations 
and sutetations, require communication between their 
central control station and other locations on the same 
premises. For example, in a large substation, the 
power switchboard is usually tiie central control point, 
with communication facilities required between that 
point and repairmen’s quarters, bjgh-tension room, 
pmnp house, and switch yards, and possibly other 
locations. In generating stations conununication facil¬ 
ities are required from the central point to locations 
where coal and ashes are handled, to the boilers, tur¬ 
bines, pumps, switch yards, etc. 

The equipment provided at generating or substations 
to terminate commimication channels may be either 
manual or dial. Dial equipment will generally be 
detirable in those cases where most of the traffic is 
confined to intercommunication between telephone 
stations on the same premises and complicated tie lines 
or long extensions do not have an important bearing. 

At points where small, private branch exchange 
switchboards are installed, it may be difficult to estab¬ 
lish convenient arrangements for answering calls at 


these switchboards at night. In some of these cases 
night connections have been established through the 
P. B. X. and in other cases it has been arranged for the 
communication utility to answer these calls at its cen¬ 
tral office and properly route them just as would a 
private branch exchange switchboard operator. 

Dispatchers require communication channels to 
practically all operating points on the system, and, in 
certain cases, to locations along the transmission lines, 
to the various departments and officials of the company, 
to large power customers, and to sj^tem oi)erators of 
interconnected utilities. 

Various equipment arrangements have been provided 
at dispatching points for the termination of communica¬ 
tion channels. The cordless type of equipment, where 
answering, ringing, and holding features are obtained 
by merely operating a key, is usually considered the 
simplest and most convenient arrangement. This tsrpe 
of equipment, illustrated in Fig. 2, appears suitable for 
use where not more than 60 channels are to be ter¬ 
minated or where the need for simultaneous through 
connections does not exceed five. Where more than 
50 channels or more than five through connections are 



Pig. 2—Typical Cordless Turret for Tbrminati6n of 
Communication Channels 

involved, it is necessary to use the familiar cord and 
plug t 3 T)e arrangements. With either type of equip¬ 
ment, it is usually necessziry to limit the height of the 
turret in order that the dispatcher may have an un¬ 
obscured view of the power system dia^am board. 
This requirement is met by special assemblies whereby 
the height of the cord and plug turret may be reduced 
to about six inches, or by the use of tiant-faced cordless 
turrets, or by sinking the equipment in the top of the 
dispatcher’s desk. 

Convenient arrmigements are desirable for trans¬ 
mitting routine information such as meter reading, 
switching orders, etc., required in connection with load 
dispatching work. ; Teletypewriters, which provide a 
typed record, are used to some extent for such work. 
'This apparatus provides a means whereby the dis¬ 
patcher may deal simultaneously with generating 
plants and substations. Objections have been raised 
to teletypewriter service on the baas that the em¬ 
ployees using it must acquire some degree of facility 
in operating a keyboard. This objection should not 
prove serious, however, and there is some probability 
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that the teletypewriter will provide a valuable service 
to supplement the telephone in power dispatching work. 

Some electric utilities have considered it advisable 
to install devices on the private dispatching lines for 
recording the telephone conversations of load dis¬ 
patchers. The wax records used are kept for reference 
purposes until there is no likelihood that need will 
arise for transcribing the conversations. Reports as 
to the results obtained are favorable. Improvement 
is noted in the work of the load dispatchers, and from 
the standpoint of management, such arrangements are 
valuable in that responsibility can usually be definitely 
fixed in case the need arises for reviewing past opera¬ 
tions. 

Little progress has been made toward standardizing 
equipment arrangements for load di^atchers. Con¬ 
siderable study of existing installations and anal 37 sis of 
results obtained will be necessary before definite con¬ 
clusions can be drawn as to the arrangements which 
are most desirable. 

Disturbances occurring on a power ssrstem may 
make it necessary to reach patrolmen and line foremen 
to perform switching operations and emergency repair 
work. When a power line has failed it is the usual 
practise to patrol simultaneously small sections of the 
line to determine the location of the trouble. After the 
trouble has been localized and repair work started, 
need may develop for communication between the 
repair crews and the dispatching point. Communica¬ 
tion facilities necessary in this connection have been 
provided in several different ways. Patrolmen have 
been furnished with portable telephone equipment 
suitable for connection to open-wire communication 
circuits at any point along the power line right-of-way. 
Other companies have considered the portable equip¬ 
ment too cumbersome and have established permanent 
communication stations along the transmission lines. 
These permanent stations have been connected in 
most cases to lines along the right-of-way, in a few 
cases to spiur lines connected to trunk lines off the 
right-of-way, and occarionally to antennas used in 
connection with power line carrier-current channels. 

Detailed reviews of representative reports of pairol- 
naen indicate that the need for ^parate communication 
circuits for this purpose may be over-emphasized. 
However, much depends upon whether the territory 
traversed by the transmission line is thinly or thickly • 
settled and upon the relative importance of maintaining 
uninterrupted power service over a particular route. 
Apparently, each situation requires individual study 
and engineering to determine its particular requirements. 

The value of telemetering, remote indicating, and 
supCTvisory control services in effecting centralized 
contarol of a power system is rapidly gaining wide 
recognition. Where long distances are involved, ap¬ 
paratus operated by direct current over separate 
channels or by means of impulses sent over narrow 
frequency channels appears to be the most economical. 


For shorter hauls, the cost of conductors is usually not 
controlling, Md simple terminal apparatus ngiwg 
separate wires for each metering or control service 
seems to be the most economical ^d desirable. Since 
large investments in power equipment are normally 
involved, and manual assistance, cannot be obtained 
quickly at unattended stations, the conductors used 
must give reliable service. 

The present methods of regulating frequency are not 
considered satisfactory in some of the larger electric 
systems. Arrangements are desired which will permit 
the sharing of frequency control by several generating 
plants or possibly, in the ultimate, provide for load 
distiibution to stations on an automatic basis in direct 
proportion to the relative costs of generation. Appa¬ 
ratus has been installed and tests are imder way to 
determine the possibility of obtaining independent 



Fig. 3—One Complete 100,000-Cyclb Standard Frequen<:)y 

Unit 

regulation of frequency at each generating plant to 
such close limits that more than one station can share 
in the frequency control. Another plan which has been 
suggested contemplates the use of a constant frequency 
supply which might be furnished over communication 
channels and used to s 3 mchronize frequency controlling 
devices in generating plants. A quartz crystal oscil¬ 
lator circuit used in conjunction with vacuum tube 
circuits for control would probably provide the most 
stable and conveniently controlled source of constant 
frequency. Fig. 3 shows such a standard, now avail¬ 
able in laboratory form, which has a frequency stability 
of approximately one part in ten million or about three 
seconds in one year. This apparatus togetha: with 
suitable telephone conductors or channels should pro¬ 
vide a satisfactory means of synchronization for power 
frequency control pmposes, should the need develop. 
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Customer Service AcnvrriEs 

The second principal dass of electric utility activity 
is customer service.. Electric utility operation is de¬ 
voted to the furnishing of a grade of service to the 
customer which he will consider entirely satisfactory. 
A vital factor in supplying such service is the provision 
of suitable means whereby the customer may easily 
and quickly convey to the utility his impressions and 
reactions in regard to his electric service. A large 
majority of the contacts with customers is made by 
telephone, and electric utilities have generally recog¬ 
nized the need for providing arrangements to insure 
that the customer calling by telephone will be handled 
as intelligently and courteously as if the call were made 
in person. In fact, greater importance is normally 
attached to telephone contacts because of the emer¬ 
gences generally associated with such calls from the 
customer’s point of view. 

Customers are best satisfied when they deal with 
employees of the electric utility who can understand 
their problems and satisfactorily present the utility’s 
attitude and service objectives. Experience indicates 
that the establishment of an organization especially 
trained and assigned exdurively to deal with the 
customer over the telephone is a most effective means 
of personalizing the service. Where this plan is in 
effect, all customer calls are routed to this persoimel. 
Male attendants are considered necessary by some 
companies due'.to the character of the calls received 
and the feding that men have a better understanding 
of technicalities. However, groups of trained female 
attendants have been asagned to this work with con¬ 
siderable peci^s in a number of organizations recently 
establishdi. Their generally pleasing method of 
handling telephone contacts tends to eliminate any 
feeling of irritation which the customers may have and 
usually leads to a mutually satisfactory disposition of 
the calls. Under this plan of centralized handling of 
customer calls, direct observations can be made to 
determine which practises are most effective in building 
up good will among the customers. Any desirable 
changes in practise can be put into effect quickly on a 
uniform basis. 

Where centralized service bureaus are established, 
telephone lines are necessary between the bureau and 
the various departments in the company so that the 
attendants may readily obtain any information which 
may be necessary in transacting business with cus¬ 
tomers. The work of the bureau is simplified as much 
as possible by centralizing the file of customers’ records, 
by short-cut methods of handling customers’ orders, 
and by the installation of convenient arrangements of 
telephone facilities. 

It is, of course, important that any service arrange¬ 
ments or conomitmmits made over the telephone be 
carried out to the letter. The establishment of ideal 
communication arrangements and courteous treatment 
of customers calling by telephone will prove to be of 


little value if the actual service furnished and action 
taken with respect to complaints fall short of the 
customers’ requirements. 

Administrative Activities 

Communication services are required by the electric 
utility for the handling of what may be broadly con¬ 
sidered as administrative activities which include execu¬ 
tive, legal, migineering, sales, and accounting matters 
together with certain features of the operating work 
where speed of action is not the governing factor. The 
electric utilitsr’s territory is divided into divisions and 
districts, with offices in central locations responsible 
for the conduct of administrative affairs over consider¬ 
able areas. Communication service is required to 
keep these offices in touch with field forces and head¬ 
quarters, and to maintain the necessary contact with 
other business concerns and individuals. 

The t 3 q)e and volume of administrative activity 
handled by telephone generally necessitates extensive 
circuit and equipment arrangements. These com¬ 
munication facilities usually are provided by the tele¬ 
phone companies and it is important that the electric 
utilities make their objectives and requirements dear 
to the tdephone companies so that the arrangements 
provided will accomplish the desired results. 

The requirements for communication channels for 
administrative traffic are no different than those for 
similar traffic in other lines of business. Where the 
volume is sufficiently heavy, channels are leased for 
full time use. Arrangements may also be made with 
the telephone company for short period talking chan¬ 
nels to be set up at certain specified hours of the day. 
Where the traffic is light, the public message channels 
of the telephone company usually provide satisfactory 
service. 

Where quick transmission of letters, orders, ac¬ 
counting matters or other administrative affairs is 
necessary and a written record is desired, teletype¬ 
writer service has been found particularly helpful. 

In those cases where it is necessary to reach em¬ 
ployees who do not have a fixed post of duty, code¬ 
calling systems are often desirable. These may be 
installed in connection with private branch exchange 
systems or separately, as conditions may justify. 

It is usually possible to install in the private branch 
exchange switchboard circuit and equipment arrange¬ 
ments for holding conferences by telephone. 

Convenient switching plans are available which 
enable the secretary at a master station to answer and 
hold one or a number of controlled stations. The 
controlled station may have access to the master 
station line if desired. Switching plans are also avail¬ 
able which allow an employee at one desk to answer 
calls on other lines without leaving his desk. 

Sufficient attention has not generally been given to 
the location of private branch exchange switchboards. 
Such features as proper ligiit, heat, ventilation, and 
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(luietness, which are essential to efficient operation, 
are frequently neglected. The private branch ex¬ 
change operator is often loaded with a multiplicity of 
duties having no Connection with her regular telephone 
operating work and the communication service natu¬ 
rally suffers. Highly satisfactory results are obtained 
in those c^s where the operator’s duties are restricted 
to work directly in connection with the operation of the 
switchboard. 

Methods op Providing Communication Channels 
Cable and Open Wire 

Most of the communication channels used by electric 
utilities are obtained by means of cable and open-wire 
conductors. Cable is relatively free from trouble dur¬ 
ing storms and is considered a desirable type of facility. 
Open-wire channels are normally considered less desir¬ 
able from the standpoint of continuity of service. 
However, in specific cases sufficient open-wire facilities 
are often available over the regular or alternate routes 
to ensure the desired reliability of communication. 
When necessary, extra guying, short spacing of poles 
and similar measures are employed to strengthen 
open-wire lines. 

Open wires have been strung on the structures 
carrying power circuits or on separate poles along the 
power line right^f-way. It has been the experience 
that open-wire circuits thus situated are normally sub¬ 
ject to a large amount of interference, and disturbances 
occu^ing on the power wires may put the telephone 
circuits out of service completely at the time when they 
are most urgently required. In other cases the failure 
of telephone conductors has put the power lines out of 
service. As a result of these experiences and the im¬ 
provement in other types of communication service 
available for the purpose, there is a growing disinclination 
to rely on open-wire telephone facilities routed along the 
same right-of-way with the. power facilities over which 
service is to be protected. 

Power Line Carrier Current 
Communi^tion channels are also provided for the 
use of electric utilities by means of power line carrier- 
current telephone apparatus. In a number of instances 
during storm breaks, power line carrier has provided 
the only means of communication available, and it is 
generally considered a reliable form of service. There 
appears to be a definite, but somewhat limited, applica¬ 
tion for this type of communication channel over long 
hauls where it is necessary to reach generating plants 
^d substations in remote and sparsely settled loca¬ 
tions. The cost of providing suitable cable or open- 
wire telephone facilities in such situations may be 
prohibitive. 

Probably the chief difficulty experienced with carrier 
is the variation in quality and volume of transmission.. 
The power line is not usually a simple circuit, but 
rather, is a part of an extensive high-voltage network 
and any switchmg or circuit changes in the network 


alter its communication characteristics. Choke coils 
have been used in branch circuits to assist in keeping 
the carrier current along the main channel and im¬ 
proved transmission has been obtained in some in¬ 
stances by this means. Difficulties have also been 
experienced in operating power line carrier successfully 
over long two-wire extensions or interconnecting it with 
two-wire circuits. These difficulties have in many 
instances had the effect of isolating the carrier channels 
from all other communication facilities. This arrange¬ 
ment does not appear to be flexible nor economical. 

Opinions as to the value of carrier current differ and 
further experience is necessary in order to arrive at 
generally satisfactory conclusions as to the extent to 
which carrier current logically may be employed in 
an electric utility’s communication system. 

Radio 

A few companies have installed radio telegraph 
apparatus with the view of providing back-up service 
for the regular communication facilities. However, 
the necessity for employing licensed operators and the 
relations limiting normal operating time to a ten- 
minute test period each day have not only made new 
installations unattractive, but have resulted in the 
abandonment of some of the. original installations. 
No use is being made of point-to-point radio telephone 
channels due to lack of wavelength assignments and the 
high cost of securing the necessary reliability of com¬ 
munication. Considering the limitations placed on the 
use of radio channels and the other means of com¬ 
munication now available for use by electric utilities, 
it would seem that there is little field for radio in their 
communication systems. 

Consideration op System Communication 
Requirements 

Basic communication planning is necessary in order 
to coordinate individual services and facilitate the 
growth of the electric utility. It is, of course, desir¬ 
able that maximum use be made of all communication 
f^ilities, that a satisfactory grade of communica¬ 
tion service be available for instantaneous use at the 
principal operating points and that future needs be 
eyed for slightly in advance of actual demand and 
without replacement of any large part of the evi-gting 
communication facilities. These objectives cannot be 
met ecoymically without establishing a basic com¬ 
munication plan for the electric supply syistem as a 
whole. It may be helpful, therefore, to consider some¬ 
what in detail the information required and analytical 
methods which may be used in developing such basic 
plans. 

Development op Basic Communication Plan 
In formulating a basic plan, it is highly desirable that 
close contacts be established for the interchange of 
ideas and information and for coordination of action 
by those concerned with the develonment. 
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and maintenance of the electric utUity’s communication 
service. All departments of the electric utility are 
involved, together with the companies supplying 
communication services and facilities. 

It is desirable that the basic communication plans 
adopted by electric utilities be developed along con¬ 
sistent lines. The extensive interchange of power 
between electric utilities and the frequent consolidation 
of operating properties is emphasizing the need for 
some degree of imiformity in the communication ar¬ 
rangements adopted by the various operating units in 
the industry. Each electric utility should determine its 
requirements for communication in the light of the over¬ 
all objectives of the electric industry and should esti¬ 
mate for its particular territory what will be the prob¬ 
able effect of proposed changes in the territory served, 
in organization and in power operating practises upon 
its specific communication needs. 

In conducting a detailed analysis of communication 
requirements a field inspection is made of representa¬ 
tive sections of line and items of equipment in the 
existing communication system. Observations are 
made of the traflftc passing over the private network. 
The volume and character of calls made over the tele¬ 
phone company’s public message circuits is carefully 
studied. The average daily flow and hourly distribution 
of all telephone traffic is separated into incoming, 
outgoing, and intercommunicating classifications. Im¬ 
portant calls are separated from those of a relatively 
unimportant nature. The average holding time is 
determined for the trunk lines to the telephone com¬ 
pany’s central offices and the tie lines between private 
branch exchanges. Busy conditions on individual 
station lines are noted. Particular attention is de¬ 
voted to the volume and character of traffic during 
times of emergency. Methods of operating are care¬ 
fully scrutinized. Studies are made of private branch 
exchange operating loads, including not only the 
operator’s regularly assigned telephone duties, but also 
other special assignments such as secretarial or office 
work. Information with respect to the volume, 
character, and cost of communications handled by 
means other than the telephone is obtained. 

Unification op Communication Sbbvicbs 

Basic plans for the communication services required 
by an electric utility may be developed either to provide 
for a unified system for all activities or separate com¬ 
munication facilities for particular activities. 

Traffic loads and operating contingencies can usually 
be cared for with a greater margin of safety and with 
less expense where all telephone services and facilities 
are unified and operated as one system. In some 
companies, however, the needs of the operating depart¬ 
ment have appeared to be of sufficient importance and 
the traffic so heavy in volume that a com m u n ication 
petwork has been provided for the exclusive use of that 
department. In other territories where this has not 
seemed practicable, convenient switching arrangements 
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have been installed which allow the operating depart¬ 
ment to seize quickly and hold any desired circuits for 
an indefinite period of time. These arrangements 
permit the exclusive use of circuits’by the operating 
personnel whenever, in their opinion, such use is 
necessary and would seem to provide in effect the 
equivalent of an exclusive commimication network. 

In a number of instances communication studies have 
indicated that the best results could be seemed through 
connection of the electric utility's privately owned 
communication plant to the facilities furnished by the 
telephone company. Mutually satisfactory intercon¬ 
nection arrangements have been agreed upon in such 
cases. Provision is made thereby for the complete 
interconnection of privately owned and leased com¬ 
munication facilities, thus enabling the electric utility 
to eliminate all useless duplication of circuits and 
equipment, obtain a broader use of privately owned 
plant, and retire investment in such plant in an orderly 
fashion. 

In some companies the responsibility for adequate 
and satisfactory communication service throughout the 
entire system has been centralized in one department. 
This department gives specialized, continuous atten¬ 
tion to the needs of the utility to communication. 
Where such a plan is in effect, it is important that the 
department be fully conversant with the general over¬ 
all objectives of the company and have sufficient 
authority to initiate such action as may be necessary 
to provide communication service which will be of the 
greatest assistance in meeting those objectives. 

Establishment op Basic Plan 

The data obtained by analyzing the conununication 
service required in connection with the various activ¬ 
ities of an electric utility, as outlined in previous sec¬ 
tions of this paper, provide the material for the 
preparation of a basic communication plan. 

The establishment of such a plan requires the exer¬ 
cise of judgment to evaluate the relative importance 
of the various activities of the utility and the extent 
to which available communication services and facil¬ 
ities can be used practicably to expedite such activities. 
The value of the plan adopted will depend upon 
the quality of judgment exercised. It is extremely 
important, therefore, that the best available knowledge 
and experience in the power and communication field 
be enlisted in establishing a basic plan. 

The establishment of a basic plan and its specific 
application will necessitate periodical reviews of exist¬ 
ing communication arrangements to insure that the 
plan is being followed. Modification of the plan itself 
may also be necessary from time to time on account of 
new developments, changes in operating practi^, etc. 

Application gp Basic Plan 

The si^dfic form and detailed application of a basic 
communication plan to an electric utility is dependent 
upon local conditions and is therefore outside the 
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scope of this paper. Information in regard to the 
spmfie commumcation facilities used by electric 
utilities in meeting their requirements has been given 
m a number of important papers recently presented 
before the Institute. The contents of these papers 

briefly summarized in the attached bibliography. 
Also, further i^ormation regarding the communication 
arrangemente in a number of interesting and important 
cas^ involving widely different operating requirements 
IS given in the other papers of this symposium. 

The growth of the electric utility industry is ex- 
treinely rapid. The activities of the operating com¬ 
panies ^ continually broadening in scope as the areas 
served increase in size and the customers’ demands 
become heavier and more exacting. It is dear that 
adequate, convenient communication service cannot 
be obtained by the electric utility economically without 
a plan based on a thorough knowledge of requirements 
and the availability of various communication service 
and facilities to meet those requirements. It is im¬ 
portant that the activities of the electric utility be 
constantly studied from a communication standpoint 
to determine how communication can be used to 
greater advantage, and to anticipate requirements so 
that the communication service necessary will be avail¬ 
able on the date required. Consideration along these 
lines will assist to a marked degree in effecting continual 
improvement in customer service. 
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electric utility are pointed out. The paper also discusses the communica¬ 
tion faculties provided for patrolling purposes along the transmission line, 
the connection of the private branch exchange to the general telephone 
system and the special electrical protection necessary on the long lines 
leaving the power house 

Carrier Current and Supeivisory Control on Alabama Power 
Company^8 System^ by W. I. Woodcock and E. W. Robinson, 

A. I. E. E. Trans., Volume 48, p. 214. 


The experience of the Alabama Power Company with power line carrier- 
current telephony and supervisory control is outlined. The early develop¬ 
ment of these systems in the Alabama Power Company’s territory is 
dtecussed as well as systems later installed. Extracts are given from 
the general specidcations for the equipment used. 

Power Line Carrier-Current Apparatus 
Power Line Carrier Telephony, by L. P. Fuller and W. A. 
Tolson, A. I. E. E. Tranf., Volume 48, p, 102. 

This paper gives a brief outline of the electric iitlllty’s requirements for 
power line carrier-current communication, the problems involved in 
furnishing such communication and briefly desci-ibes the different types 
of equipment available. 

Problems in Power Line Carrier Telephony and Recent Develop¬ 
ments to Meet Them, by W. V. Wolfe and J. D. Sarros, A. I. E. E. 
Trans., Vohime 48, p. 107. 

The problem of applying high frequency communication to power systems 
is outlined in this paper. The effects of branch lines and switches in the 
power system network and sources of noise in the carrier-current channel 
from operation of the power circuits ai»e discussed. Methods of obtaining 
simplex and duplex operation of carrier systems as well as carrier side¬ 
band suppression are outlined briefly. A brief description is included of a 
single frequency, single side-band, carrier suppressed type of power line 
carrier-current communication system. 

Transmission of High Frequency Currents for Communication 
Over Existing Power Networks, by C. A. Boddie and R. C. Curtis, 
A. I. E. 1 . Trans., Volume 48, p. 227. 

The fact that carrier-current communication presents certain dlflictiltles 
not encountered In other types of communication channels Is brought out 
in this paper, which describes the use of timed choke colls to isolate the 
power Une can-ier-current communication channels from the remainder of 
the power system. It is stated that this gives in effect a simple com¬ 
munication circuit between communicating points, 

TBIiEMBTERING AND SUPERVISORY CONTROL 

Telemetering, by C. H. Linder, C. B. Stewart, H. B. Rex and 
A. S. Fitzgerald, A. I. E. E. Trans., Volume 48, p. 766. 

Operating requirements and channels available for the transmission of 
meter readings are discussed. The field of appUcation for telemetering is 
surveyed and discussed In its relation to supervisory control. The in¬ 
stallation of a specific type of telemetering is described. 

Development of a Two-Wire Supervisory Control System mth 
Remote Metenng, by R. J. Wensley and W. M. Donovon, 
A. I. E. E. Trans., Volume 49, p. 1339. 

The conditions leading up to the development of a two-wire supervisory 
control system are described. The paper enumerates the outstanding 
requirements of supervisory control systems in general and indicates the 
advantages of a two-wire system. The operation of the two-wire system 
is briefly described. 

An Electron Tube Telemetering System, by A. S. Fitzgerald 
A. I. E. E. Tkans., Volume 49, p. 1321. 

The paper describes a varying frequency telemetering system which 
employs an electron tube, beat frequency oscillator. A method of furnish¬ 
ing a number of telemetering indications over a single conducting channel 
by Idle use of automatic telephone type selectors at transmitting and 
receiving stations, is described. 

A thyratron circuit is described, by means of which a number of varying 
frequency telemetering signals may be totalized. 

Centrah-zed Control of System Operation, by James T. Lawson, 

A. I. E. E. Trans., Volume 49, p. 1344. 

Centralized control of system operation of the PubUc Service Electric & 
Gas Company of New Jersey is described. Detailed descriptions are 
included of the power and telephone apparatus installed and the methods 
used to provide indications of the operation of electrical apparatus. The 
results obtained by means of centralized control are described. 


Discussion 

Howard S. Phelps: With the present tendencies toward 
system expansion, either through ownership control or operating 
^eements between companies in adjacent areas, there are two 
items that should be given particular attention when making 
fundamental studies of communication services of electrio 
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utilities which, it seems to me the authors of this paper have not 
particularly stressed. 

The first of these is the quality of voice transmission that 
will be provided for on that part of the system devoted to the 
use of the system load dispatchers. This is essential to insxire 
as far as possible against misunderstanding of operating instruc¬ 
tions. For this service the quality of transmission should 
undoubtedly be at least the equal of that for high-grade commer¬ 
cial telephone communication. 

The second item is that factor in voice communication 
generally spoken of as “transmission margin^ which means the 
amount by which a given volume of voice transmission, irrespec¬ 
tive of quality, can be decreased to a point where transmission 
is just intelligible. Undoubtedly, in general, it would be good 


engineering to provide for considerable transmission margin in 
order to assure that satisfactory voice communication is available 
as the system may expand or in the event it is necessary to 
reroute communication circuits following storm or other trouble 
that may occur on the communication lines. 

Any company that is seriously considering the installation of 
a new com m u ni cation system, or revamping its present system, 
certainly should give detailed attention to the two factors in 
voice communication to which reference has just been made. 
An ill-advised attempt to save money through the installation 
of fair quality transmitting and receiving sets, or the installation 
of the minimum size of wire in the communication system, or 
both, might easily impose a very serious burden on the future 
commmiication services to be rendered. 



International Standard of Electromotive Force 

and Its Low-Temperature-Coefficient Form 


BY MARION EPPLEY* 

Member, A. I. E. E. 


W I ^HE electromagnetic unit e. m. f. exists between 
X two points when one ere of wnrV « 


two points when one erg of work is done by 
one electromagnetic unit of current flowing 
for one second between the two points.”i ^ 

"Unit current is the current which, flowing through 
a c^le of one centimeter radius in air, exerts a force 
thecldl^^ ^ magnetic pole at the center of 

“The c. g. s. electrostatic unit difference of potential 
^sts between two points when one erg of work is 
done m the movement of a c. g. s. electrostatic unit of 
charge from the one point to the other point/’* 

The above definitions are fundamental but it is not 
Simp e to give being to the physical conditions for 
which they call. 

Even the international volt (“the electrical pressure 
which when steadily applied to a conductor the resis¬ 
tance of which IS one international ohm will produce a 
current of one international ampere”)^* is defined 
actually in terms of the silver voltameter and the 
mercury ohm. This combination does not lend itself 
to routine measurements, even though the mercmy 
ohm can have substituted for it a wire resistance- 
standard. Moreover, the voltameter measures the 
total quantity of electricity (the number of coulombs) 
that pass through it. This total, divided by the time 
of passage in seconds, gives the average current in 
amperes, so that only steady electromotive forces fan 
be determined by the voltameter with the ohm, unless 
the accuracy of the results be vitiated by this inte- 
g^ting effect. Hence, to have determinations of 
electromotive force in the sense of the above definition 
give definite meaning with respect to voltage, it is 
essential to have an outside source of constant potential 
difference by means. of which an unchanging drop in 
the volta,meter circuit can be maintained. Up to the 
present time the most precise and the most convenient 
method of producing a steady potential difference with 
the required precision is by means of a galvanic cell 
of the proper characteristics. When an element with 
a constant electromotive force has been used once 
so to maintain the voltameter circuit with a steady 
drop across the standard ohm, equal to the e. m. f. 
of the cell, this last obviously has been calibrated in 
terms of the international volt, and its independent use 
as a standard immediately is possible. 

Element s so used are called “standard cells.” They ' 

*Eppley Research Laboratory, Newport, R. I. 

1. For references see end of paper. 

Presented at the Summer Convention of the A. LE.E,, Asheville, < 
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i must be constant in electromotive force, or at the worst 
their electromotive forces should change slowly and 
: regularly with time. Their temperature-coefficient 
should be'such that a variation of ± 0.01 deg. cent, in 
i the neighborhood of 25 deg. cent, causes a change in 
s e. m. f. of less than one microvolt, and they should 
exhibit no effects due to temperature-hysteresis greater 
than this for a like temperature change. They should 
be reproducible as to e. m. f., but this is a matter of 
convenience only, since calibration with the voltameter 
and the ohm could be practised upon every cell used 
as a primary standard. 

The container of a standard cell should be of such a 
de^gn that concentration effects at the electrode faces 
are eliminated. That is, a more concentrated, heavier 
solution must not be able to flow, under the action of 
gravity, to one electrode and not to the other. Also 
the path between the electrodes should be as long as is 
consistent with low internal resistance, since the two 
electrode systems, by the very nature of things, are 
not in equilibrium with each other. For this reason, 
the diffusion from one to the other of ions that interact 
is to be hindered as much as possible. These two con¬ 
ditions are fulfilled by the “H-tube” due to Rayleigh 
which is in general use. Other forms have been pro¬ 
posed, notably a pair of concentric cylinders,® the inne r 
cylinder, and the annular space between the inner 
cylinder and the outer one holding the two electrodes. 
This receptacle offers certain difficulties in glass-blow¬ 
ing, and its main advantage, uniformity of temperature 
of the two electrodes, can be secured more readily by 
other means. 

From the standpoint of handling there are two types 
of cell, the portable and the non-portable. Portability 
is secured by some form of septum inserted in each leg 
of the cell vessel to hold the solid constituents in place. 
This can be a perforated cork disk covered with silk 
or linen, a porous stopper of porcelain wrapped with 
some sort of fiber, or any similar mechanical device. 
Non-portable cells have no septa, and must be held in 
a VCTtical position to prevent mixing of their contents. 

Laboratory standards certified to 0.01 per cent 
should be portable; primary standards, reproducible to 
five to ten microvolts, should be non-portable, ginof, 
septa introduce another factor in the system of primary 
standards. This is not to be desired. (The specific 
values above apply to the cell in general use today.) 

From the physical-chemical standpoint (which in¬ 
volves behavior) there are also two types, the saturated 
or normal cell, and the unsaturated cell. The saturated 
or normal cell has an excess of a salt of the metal of each 
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electrode. In praxitise, the two salts have the same acid 
radicle. The solid of the salt of the less electropositive 
metal is in the vicinity of its electrode only. It should 
not be too soluble, or diffusion to the opposite pole will 
be too rapid. The solid of the salt of the more electro¬ 
positive metal can be in the vicinity of both electrodes. 
The unsaturated cell has no solid phase of the salt of 
the more electropoative metal, its electrolyte being 
saturated with this at some temperature well below the 
lowest probable room temperature. Owing to the excess 
of the salts of both metals in the normal cell, the elec- 
trol 3 rte becomes saturated with these, when maintained 
for a proper length of time at any temperature within 
the useful range of the cell, to the concentration cor¬ 
responding to the particular temperature. Since the 
e. m. f. is a function of these concentrations, saturated 
cells are reproducible in so far as their e. m. f. depends 
upon concentration. Because of the difficulty of bring¬ 
ing once and for all a solution to a single predetermined 
degree of saturation, unsaturated cells are not repro¬ 
ducible, strictly speaking. 

Unsaturated cells have a lower temperature-co¬ 
efficient than saturated cells. Therefore, laboratory 
standards should be of the unsaturated type, exposed 
as they are to changes or room temperature. Primary 
standards, in which reproducibility is so convenient 
as to be an essential, should be saturated cells. They 
must be maintained at constant temperature in a 
thermostat. Laboratory or secondary standards are 
calibrated in terms of these primary standards. 

A number of systems has been proposed for the pur¬ 
pose under discussion, and some of these made use of in 
default of something better, but all except one are of 
historic interest only. This one, the combination upon 
which are based the primary and the secondary stand¬ 
ards of the present period is the following: mercury— 
mercurous sulfate—^aqueous solution of cadmium 
sulfate—cadmium amalgam. 

It was proposed by Dr. Edward Weston, and its 
im,saturated type patented by him in 1893. To Dr. 
Weston belongs great credit for the long step forward 
made by his introduction of a standard of electromotive 
force with a low-temperature-coefficient (negligible 
for all practical purposes) and in addition free from the 
mechanical instabilities of the Clark and Clark-Carhart 
cells which were its predecessors.® 

In his honor, the two types of this cell are known as 
the normal Weston cell or the saturated Weston cell, 
and as the unsaturated Weston cell or simply the 
Weston cell. The word cadmium is quite as often used 
as the word Weston and instead of it, cadmium cell and 
Weston cell being synonymous as applied to the com¬ 
position of the system, but Weston cell requiring no 
farther qualification to denote it refers to an un- 
saturaied element. 

Cadmium sulfate (CdS 04 . S/SHaO) is a well 
defined salt. It can be secured readily as clear crystals 
by spontaneous crystallization. Hulett'' states that it 


does not seem to be isomorphous with any known salt. 
However, an unfinished investigation in this labora¬ 
tory, has shown even clear, once re-crystallized crystals 
of high-grade commercial salt, after twelve washings, 
to have contained appreciable quantities of mangan^. 
Also, crystals can be prepared which contain a con¬ 
siderable proportion of mercuric mercury. Iron too 
appears to be present in clear crystals in a closely-bound 
state at times. The mercuric mercury is no doubt 
present in such form as to produce a mixed-crystal 
rather than a double salt, though the final proof of 
this is still to be made. The same is no doubt true of 
manganese and iron. The author has found no mention 
in the literature of manganese as an impurity in cad¬ 
mium sulfate other than a statement made by him in 
1926.® The impurities usually listed* as probable are 
zinc, lead, ferrous, and ferric iron and occasionally 
nickel. A rather wide review of the literature plus 
chemical checks in this laboratory make it appear 
reasonably certain that too much faith has been placed 
by investigators in the effectiveness of the simple 
methods used to purify the cadmium sulfate used by 
them in standard cells, and that manganese, which the 
author has foimd in a wide range of cadmium sulfates 
tested, may have been present in most cases. Also iron. 

Qualitative experiments made by us as far back as 
1924“ showed manganese to cause higher initial elec¬ 
tromotive forces when present as an impurity in cells 
than were found when its concentration was reduced 
to very low limits. These higher electromotive forces 
did not remain constant. 

Through the courtesy of the Bureau of Standards a 
sample of the cadmium sulfate prepared by Wolff 
and Waters^i in 1906 has be^ received recently for 
investigation. This salt, with which, it is understood, 
the fundamental standards of the United States were 
set up, gives a negative test for manganese. The 
excellence of these standards has been proven by time; 

While the case against manganese by no means has 
been proved, it would be safest, until it has been found 
to have no injurious effects, to specify its elimination 
in primary standards, and its reduction to low limits 
in other cells. 

A low manganese content is secured with no great 
difficulty. Its elimination requires no small degree of 
care. A method, soon to 1^ described, has been 
developed by the author, but it is so far from convenient 
for the preparation of large quantities of the salt, that 
a simpler one is being sought. 

The preparation of mercury that gives the desired 
results presents no difficulty. It is washed in a fine 
spray in dilute nitric acid,“ and is distilled in a partial 
vacuum. The tendency to “bump" is prevented by 
passing a slow ciurent of air into the mercury through 
a capillary. This also serves to oxidize the base metals. 
The noble metals remain behind in the readue.“ 

Cadmium can be purchased in the metallic form in a 
satisfactory state of purity. However, only one such 
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source seems to be available for a routine supply. 
Cadmium sulfate can be used as a source of PA/Iminm 
as will be mentioned in the next paragraph. 

Asi has already been indicated, leaving out of con- 
sideiation the solid cadmium sulfate, one pole of the 
Weston system consists of mercury, covered with 
mercurous sulfate, and the other of cadmium amalgam. 
The cadmium amalgam to give a smooth temperature- 
electromotive force curve must consist of two phases, 
a solid phase which is a solid solution of cadmium in 
mercury and a liquid phase which is a saturated solu¬ 
tion of the solid in mercury.^ Within the temperatures 
between 15 deg. cent, and 40 deg. cent, amalgams of 
about 8 to 13 per cent“ cadmium are satisfactory. 
There seems to be cause of irregularity at 16 deg. cent, 
(about) which may interfere with accurate measure¬ 
ments below this point. The amalgam can be made 
by dissolving the correct weight of cadmium in mer¬ 
cury, or by electrolyzing the cadmium from an appro¬ 
priate weight of cadmium sulfate into mercury. 

Mercurous sulfate plays an important role in the 
Weston cell, so important in fact that it is customary 
to charge all irre^larities in cells to it. The salt is 
sensitive to many conditions, one of which, at least, 
makes it useful as a “depolarizer.” This is its ready 
reducibility, which prevents cadmium ion from enter¬ 
ing the mercury electrode. It is also sensitive to light, 
and should be protected from this, since it causes a 
decomposition which is injurious to the constancy of 
cells. It also hydrol 3 rees“ in neutral or very slightly 
acid cadmium sulfate solution, hence the electrol 3 rte 
should be somewhat acid. The hydrolysed salt is a 
very pale green,not yellow as sometimes stated in the 
older literature. The salt, when exposed to oxygen 
can form a yellow basic mercuric salt of low solubility.*® 
This basic mercuric sulfate seems to be reduced to 
the normal mercurous salt in the presence of sulfmdc 
acid in cadmixim sulfate solution, and merctxry.*® 
This basic mercuric salt forms only as a coating® on the 
grains of the normal rnercurous sulfate and protects 
them against further oxidation, it would appear, and 
in a slightly acid solution of cadmium sulfate is 
dissolved and reduced by the mercury of the cell. The 
solubility in acid solutions of cadmium sulfate has 
been determined to be considerable by experiments 
completed last year and as yet unpublished. 

The ma^ury limb of a cell has been rotated by 
Hulett,®* and the e. m. f. determined against an amal¬ 
gam electrode which could be connected with it when 
desired. Upon rotation the e. m. f. rose to about 1.02 
volt, but fell upon standing still. The author has 
repeated Hulett’s experiments, in a slightly different 
form, with practically complete agreement with his 
results. Wolff and Waters*® rotated the cathode of a 
cadmium cell, but foimd no variation of e. m. f. greater 
than 0.01 per cent. It has not been possible to recon¬ 
cile the results of these investigators as yet, but one 
thing may be said with confidence, namely that at the 


mercury face the system is in equilibrium. It is at this 
face that the potential difference due to the mercury 
electrode has its being. 

Mercurous sulfate can be made by a number of 
methods,®’ but that prepared by electrolysis is un¬ 
doubtedly the best. The gray electrolytic salt, de¬ 
riving its color from small globules of mercury gives 
better results than a white salt. 

Since current should not be drawn from a cell, cells 
should be used only in a “null-point” or compensation 
method. Some form of potentiometer provides this. 
It is usual to compare the entire electromotive force 
of the cell used as standard against the entire e. m. f. 
of the cell the electromotive force of which is to be 
determined. In this method the drop in the potentiom¬ 
eter acts as a transfer standard. It is essential that 
this drop be kept constant, so that it is well to lag the 
storage cell with heat-insulating ibaterial to prevent 
changes in room temperature from causing fiuctuations 
in the measuring current, or drop. Accumulators are 
best kept on a stand, above the floor, to avoid drafts. 
With this precaution, and that of shifting from standard 
to unknown several times with readjustment of the 
measuring current if necessary and the attainment of a 
new balance with the unknown, results can be obtained 
with a potentiometer of proper design that will be 
reproducible from day to day within six microvolts. 
This method has the convenience of being direct 
reading. 

But the above method has the disadvantage, perhaps 
more theoretical than real, of not comparing the stand¬ 
ard and the unknown at the same instant. For mea¬ 
surements beyond criticism, therefore, it is best to 
oppose the unknown and the standard, reading the 
residual e. m. f. on a potentiometer or by some other 
suitable means. This reduces the effect of fluctuations 
in the measuring current to a minimum and makes use 
of only one or two dials of the potentiometer with re¬ 
duction in the number of corrections to be applied. 
It is not direct reading, however, and the sign of the 
residual must be watched carefully. 

It is necessary of course that the measuring currait 
be allowed to flow for a long enough time before mea¬ 
surements are made for it to have come to a steady 
state, whatever method be used. Careful attention 
should also be given to shielding the installation against 
stray leakage crirrents.®* 

In any system, provision should be made to eliminate 
the effect of thermoelectric forces. A very excellent 
method has been proposed by the Bureau of Standards. 
It is an adaptation, for standard cell comparisons, of the 
assemblage of Lindeck and Rothe,®® with new and 
useful features. 

It is made clear by the diagram herewith. (Fig. 1.) 
This assemblage consists of a standard resistance of 
appropriate value, R,. This is in series on the one hand 
with a reverting switch, an ammeter A, a battery and 
a rheostat, indicated as drcuit I. In an opposed branch 
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circuit there are a standard cell S, the unknown elec¬ 
tromotive force X differing but slightly from that of the 
standard cell, and a galvanometer G. Means are pro¬ 
vided for disconnecting the standard cell and the 
unknown and replacing them with a neutral resistance 
Re about equal to their combined resistances. There 
is also a resistance, Rt, in this circuit. This entire 
branch is marked circuit II. 

Across the resistance Rt there are connected through 
a pole-changing switch an ammeter (for convenience), 
a battery, and a rheostat. This is marked circuit III. 

The purpose of this assemblage is to permit the dif¬ 
ference of electromotive force which is being com¬ 
pensated to be thrown out of the circuit at the same 
time that the current in the side branch I is interrupted. 
In order to keep the galvanometer damping the same, 
the resistance is substituted for that of the standard 
and the unknown. Then by means of the branch circuit 
III the parasitic thermal electromotive forces that may 
exist in circuit II are compensated by the battery and 
rheostat in side circuit III. Then the resistance Re 
is thrown out, and the standard cell and the unknown 
electromotive force "bucking” it, opposed to the side 
circuit I, are thrown into action and a balance obtained. 
In this way it is possible to get a difference reading 
between S and X with parasitic electromotive forces 
eliminated. 

The diagram with values inserted as shown in 


S X 



Pig, 1—OpposiffioN Method 
As suggested by Bureau of Standards 


(Fig. 2) is the form in which the principle is used in 
this laboratory. It gives the desired flexibility. No 
explanation of the details is necessary. 

The London International Electrical Congress*® in 
1908 adopted specifications for the mercury ohm; the 
silver voltameter, and the Weston normal cell, fixing a 
provisional value of 1.0184 international volts at 20 
deg. cent, for this latter. 

The value of 1.0184 was chosen because it was the 
mean of the figure 1.01843 obtained at the National 
Physical Laboratory in 1906-7, and the figure 1.01834 


obtained at the Reichsanstalt in 1907-8. Both of these 
values were based on an electrochemical equivalent 
of silver equaling 1.11800 mg. per coulomb. 

The specifications for the mercury ohm and the 
Weston cell were fairly complete, but those for the 
silver voltameter were inadequate, hence the above 
value for the cell was adopted as provisional only, until 
more precise values should have been determined by 
further experiments.*^ 

For the encouragement of such experiments, and to 
promote the cooperation of the different countries 
throughout the world in maintmning a single uniform 
system of electrical units, the London Conference es- 
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Fig. 2—Opposition Method 
Modified form, The Eppley Laboratory 

tablished an International Committee on Electrical 
Units and Standards. 

On March 1, 1909 the acknowledged figures for the 
value of the normal Weston cell at 20 deg. cent., ob¬ 
tained by means of the silver voltameter, using 1,11800 
mg. per coulombs as the electrochemical equivalent of 
silver were as follows: 

At Nat. Phys. Lab., using filter 

paper.1.01843 volts at 20 deg. cent. 

At Phys.-Tech. Reichs., using silk 

and porous cups.1.01834 volts at 20 deg. cent. 

At Bur. of Stands., using porous 

cups.1.01837 volts at 20 deg. cent. 

At Bur. of Stands., using filter 

paper.1.01863 volts at 20 deg. cent. 

At Lab. Cen. d*Elec., using filter 
paper..1.01879 volts at 20 deg. cent. 

In view of the wide spread in these values, delegates 
from the several national standardizing laboratories 
met in Washington on April 4, 1910. This body was 
known as the International Technical Committee, 
and was brought into being through the initiative of 
Dr. S. W. Stratton, Director of the Bureau of Stand¬ 
ards. One-quarter of the traveling expenses of the 
delegates was defrayed by the American Institute of 
Electrical En^neers. 
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The delegates^ made determinations with the silver 
voltameter, and set up and compared normal Weston 
cells; forty-eight cells were made by them in Washing¬ 
ton, using four different preparations of mercurous 
sulfate. In addition 15 cells were brought over and 
submitted from the PTR, 34 from the NPL, 16 from the 
LCE and 7 cells were chosen as representative of the 
standards of the Bureau of Standards in addition to 
forty new cells submitted by it. 

The agreement of the cells submitted is given in the 
next table: 



Cells 

Mean of group 
minus general 

Average 
deviation of 
single cells from 
mean of group 

No. 

Laboratory 

“ mean; difference 
in 10-® 

16... 

.PTR. 

. 0. 

.±10 

34... 

.NPL. 


.±9 

15... 

.LCE. 

.+9. 

.±26 

40... 

.NBS. 

.--9. 

.± 6 


The group means for the new cells set up in Washington 
by the delegates [Twelve cells each. Four groups of 
three cells, the groups being made with one of the 
preparations of mercurous sulfate made by each 
delegate according to the method of his own national 
laboratory] are listed in the following table: 


Hg»804 


Set up by 


Mean 

NBS 

LCE 

NPL 

PTR 

- omitting 
LCE 

NBS. 

.. -17.. 

..+147.. 

..-29.. 

.. -34.. 

... -27 

LCE. 

..+19,. 

..+62 .. 

..+18.. 

..+15.. 

...+17 

NPL. 

.. -35.. 

..+142.. 

.. -12.. 

.. -17.. 

... -21 

PTR. 

..+11.. 

..+121.. 

..+3 .. 

..+19.. 

...+11 

Means. 

..-6 .. 

..+118.. 

.. -5 .. 

.. -4... 

...-5 


The LCE cells were set up under conditions, due to 
interruptions that made their proper agreement a 
practical impossibility.*® 

As a result of the work done by it in Washington 
The Technical Committee decided “to recommend to 
the International Committee for Electrical Units and 
Standards the following value for the e. m. f. of the 
Weston normal cell: 

E = 1.0183 international volts at 20 deg. cent.’’®* 

Upon submission of a proposal to do so and accep¬ 
tance by it of the proposal, the International Committee 
requested the governments involved to adopt officially 
the new value for the Weston normal cell on January 1, 
1911. 

In the case of the Bureau of Standards no legislation 
was necessary to make the new value effective, so the 
Bureau adopted it in advance of legislative action, on 
the first of January 1911, carrying it out one more 
decimal place to 1.01830. 

It also accepted the temperature coefficient formula of 
the Weston normal cell of the London Conference, 
namely. 


Et = Em - 0.0000406 (t- 20) - 0.00000095 (t- 20)* 
-t- 0.00000001 (t - 20)« 

The values for the normal Weston cell in use previous 
to 1911 are of interest. They are 


In the United States.1.0189 international volts at 25 deg. 

eg.uivalent to.1.019126 “ « “ 20 * 

In Germany.1.0186 “ « « 20 * 

In Great Britain.1.0184 “ “ “ 20 * 


(Great Britain, until January 1, 1909, when the 
value 1.0184 adopted provisionally by the London 
Conference was adopted provisionally by the NPL, 
used a value slightly larger than that of the United 
States.) 

It should be noted that the electromotive force 
of a normal cell depends upon temperature not only 
as concerns the system’s correspondence to the equilib¬ 
rium conditions at a temperature, but also to the actual 
value of the psirticular temperature on a definite scale. 
The first condition is a function of the closeness with 
which the temperature is controlled; the second is met 
by determining the temperature and its fluctuations 
with the platinmn resistance thermometer by which the 
International Temperature Scale is defined.** A tenth 
of a degree error in temi)erature causes about 5 micro¬ 
volts error in e. m. f. at 25 deg. The error caused by 
fluctuations through a temperature range of one- 
tenth degree may cause an error twice as great as this 
in some cells, due to hysteresis. 

The cause of hysteresis is not thoroughly understood. 
It has been explained as due to a shift in the mercurous- 
mercuric ion equilibrium with temperature,** and also 
to supersaturation of the viscous cadmium sulfate 
solution with mercurous sulfate.** It is less when the 
temperature is raised than when the temperature is 
lowered. Acid in the electrolyte reduces hysteresis to 
a low value. So does flnely divided mercury in the 
mercurous sulfate. It probably cannot be explained 
by a single, simple cause. For some reason it is greater 
in portable cells than in non-portable, and greatest in 
neutral, normal, portable cells with their solid cadmium 
sulfate. 

At the Bureau of Standards normal cells are main-' 
tained to within 0.01 deg. cent, or better in electrically- 
heated oil baths. These baths are not lagged with 
heat-insulating material, as it is not wished to have the 
bath temperature rise over night sufficiently to “cook” 
the cells in case of mal-functioning of the regulating 
device. A cooling system for the room as a whole is 
provided for use in hot weather. This is a much bettor 
plan than that of endeavoring to regulate the baths 
by a constant abstraction of heat from them by a 
cooling coil in the oil when room temperature is higher 
than the bath temperature. Temperatures are deter¬ 
mined by means of platinum resistance thermometers 
and the Mueller temperature bridge. (The main coils 
of the bridge are at constant temperature in one of the 
thermostats, and only the very small resistance made 
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up of low-resistance coils, necessary to balance the 
slight changes of thermometer resistance, are at room 
temperature.) 

Comparisons of electromotive force are made by the 
difference method with the old type of Feussner poten¬ 
tiometer constructed by Otto Wolff. This instrument 
has been calibrated with great care. It is understood 
that an arrangement to compensate for parasitic 
thermals has been installed or is about to be installed 
for use with the Wolff potentiometer though no ther¬ 
mals are evident. All wring is installed with especial 
regard to the elimination of thermals, and ^'shielding” 
is carefully attended to. 

In this laboratory, the installation is essentially the 
same as that at the Bureau except that the baths, two 
in number are heavily lagged, and no part of the metal 
of the bath in contact with the heated oil projects into 
the room, except the stirrer shaft. One bath is nearly 
twice the size of those in the Bureau and holds one 
hundred cells. A special type of potentiometer read¬ 
ing to ten microvolts, and an improved Feussner 
potentiometer, both direct reading, are used for com¬ 
paring the entire e. m. f. of the unlmown with that of 
the standard. Accumulators furnishing the measim- 
ing current are lagged against temperature changes and 
are off the floor. Difference measurements can be 
made by the assemblage described above and by 
a White potentiometer reading to microvolts. Tem¬ 
peratures are measured by the platinum resistance 
thermometer and a modified type of Mueller bridge, 
oil immersed with temperature control. No cool¬ 
ing system for the room has been installed as yet, 
as the room is not expected to heat up in summer, due 
to its position and on the basis of experience with 
smaller baths maintained in it in the past. The 
present baths have not been in operation throughout a 
summer. Regulation of temperature is within 0.01 
deg. cent. 

There can be no greater authority upon the mainte¬ 
nance of the volt than G. W. Vinal, physicist, charged 
with this important duty at the Bureau of Standards. 
There is spread below verbatim an extract from an 
article by him upon this subject.^® 

MaINTBNANCH Off THE STANDARD 

Between 1910 and 1912 our basis of reference was the group 
of 36 cells, left at the Bureau after the departure of the delegates. 
It became evident, however, that many of oxu cells, which had 
shown consistent values on the old basis of reference, were 

TABLE I—VALUE OF THE KEFEBBNOB CELL IN TERMS OF THE 
__PRIMARY BBFERENOE GROUP 


Date 

Difference in mi^volts 
from mean of group 

Oct. s’, 1924. 


JtdylS, 1926.... 


Nov. 17, 1926.... 


May 1, 1926. 


Nov. 4, 1926. 


Apr, 21. 1927. 


Nov. 6, 1927.. 


June 5, 1928. 



gradually increasing in value on this new basis as represented by 
the 36 cells which the technical committee left at the Bureau. 
All the evidence pointed to the fact that the mean of these 36 
cells was decreasing, and it was then decided that a group of 19 
selected cells, which had shown a satisfactory degree of con¬ 
stancy before 1910, and which had shown nearly equal increases 
in value in terms of the new basis of reference, had actually 
remained constant. These cells were then selected as a new 
reference group. 

Some substitutions have been made in this group between 1912 
and 1919, but no change has been made since 1919. The primary 
reference group (Group I) at the present time consists of 20 cells, 
15 of which were made 22 years ago by P. A, Wolff and C. E. 
Waters. These cells have shown a remarkable degree of con¬ 
stancy, and no correction for any yearly decrease in voltage is 
made. Table I shows values of the reference cell, which is one 
cell of the group in daily use during the last four years. The 
masdmum variation is only a few microvolts. 

To safeguard the unit and at the same time provide further 
information as to the constancy of these cells, in 1925 two 
secondary reference groups of 10 cells each (Groups II and III) 
were selected from the Bureau’s stock of seasoned cells. One 
of these groups is kept in the safe in the south building of the 
Bureau with the national prototype kilogram and meter, and the 
other secondary group is kept in the safe in the electrical 

TABLE II—SUPPLEMENTARY RBFERENOB GROUPS IN TERMS 
_OF PRIMARY REFERENOB GROUPS 


Difference in ndcroyolta from mean of 
Group I 


Date 

Group II 

Group III 

Jan, 8, 1926. 

Fob. 16, 1925. 

May 26. 1926. 

.-1.9. 

.-3.1. 

.-17.3 

.—16.9 

Nov. 18. 1926. 

May 17, 1926. 

June 1, 1926. 

.-6.4. 

.-l;7. 

. -20.8* 

—22.9 

Dec. 18. 1926. 


.—24.0 

Jan. 11. 1927. 

July 22, 1927. 

.-3.0. 

. t . 

. —26.8 

April 17. 1928. 

.-2.8. 

.-26.9 


’^Three cells were changed in Group III prior to this measurement. 

tone cell in Group II was found to be broken and it was replaced at. 
this time, 

building. The secondary groups are compared with the primary 
group about once in six months. The values are given in Table 
II. The maximum variation in each group is four and six micro¬ 
volts respectively. 

International Comparisons 

At the British National Laboratory the standard for voltage 
is maintamed in quite a different way. Groups of new cells 
are set up annually, and the basis of reference is the average 
of the cells for the preceding three years. 

Recent comparisons of the Bureau’s basis of reference with 
that of the British Laboratory have indicated that the difference 
between our value for the volt and theirs is about one part in 
100,000, Confirmation of this has been received through a 
report from the Central Chamber of Weights and Measures at 
Leningrad, indicating a difference between the above standards 
of seven millionths of a volt. 

The value for the volt which was presumably the same in the 
various countries on January 1, 1911, has not remained the 
same in all countries, however, as shown by Pig. 3, which is 
based partly upon a report of the Chamber of Weights and 
Measures at Leningrad, and partly upon the exchange of cells 
between the Bureau of Standards and National Laboratories of 
other countries. The fact that the value for the volt as defined 
by the Weston cell in several countries differs so widely cannot be 
interpreted, however, as meaning that the cell is an unreliable 
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st&nddird) since tbese vailnes involve not only errors in tbe cell, 
but the errors in the standards of resistance and the measurement 
of current. This lack of uniformity is not surprising in view 
of the fact that no adequate international specifications for 
either the standard cell or the voltameter have been adopted. 
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Fig. 3—Relative Value op the Volt at the Pbesent Time 
IN Six Countries 

Vlnal, Tram, Am. Ehclrochemical Society, 54. 261 (1928J Pig. 1 


Five determinations with the Smith form of volt¬ 
ameter reported in the above article, gave a mean for 
the value of the normal Weston cell of 1.018307. Six 
determinations with the Richards or porous cup form 
of voltameter gave a mean of 1.018218. Even this 
last value, which is lower than any obtained during the 
investigation of 1908, and therefore probably put in 
error by some interfering factor, is low by 0.01 per cent 
only.*® 

The cells just discussed are the normal higher tem¬ 
perature-coefficient type. The unsaturated type or 
Weston cell now becomes of interest. As said before 
this is not strictly reproducible, but its voltage can be 
made to fall witWn narrow limits, and the cell can be 
standardized by comparison with a normal cell since 
its e. m. f. is to all intents constant.®^ 

Vosburgh and Eppley found in a series of forty-five 
Weston cells that the electromotive force increased in 
an approximately linear manner as the cadmimn sul¬ 
fate concentration decreased. The e. m. f. ran from 
1.018270 volts for 43.22 per cent CdS 04 to 1.02096 volts 
for 41.84 per cent CdSO.. 

The electromotive forces of these cells were linear 
functions of the temperature between 15 deg. and 35 
deg. cent., but were not linear functions between 35 
deg. and 45 deg. cent. 

The temperature coefficient between 15 deg. cent, 
and 35 deg. cent, was a function of the electromotive 
force. It decreased from 0.0000028 volts per degree for 
cells with an electromotive force of 1.01827 volts to 


— 0.000013 volts per degree for cells with an electro¬ 
motive force of 1.0210 volts, being zero for a cell with 
an electromotive force of 1.01873 volts. 

These cells contained approximately 0.0116 moles of 
sulfuric acid per liter. The cell with zero tempera¬ 
ture coefficient would be saturated at 4 deg. cent., if 
the effect of sulfuric acid on the solubility of cadmium 
sulfate is the same at lower temperatures as between 
15 and 20 deg. 

Three groups of portable cells, each group having a 
different form of construction, have just been investi¬ 
gated for temperature coefficient and hjrateresis in this 
laboratory. They were maintained until the cells were 
constant to within 10 microvolts (about), except at 
45 deg. and 60 deg., at each of the temperatures shown 
below, and their e. m. f. determined each day. The 
mean of the readings on the last two days was taken 
as the e. m. f. at equilibrium, but any reading for a 
particular temperature could have been taken as such 
without error greater than 0.01 per cent. Temper¬ 
ature control was within ± 0.02 deg. cent. 

The temperatures and the temperature coefficients for 
the corresponding intervals, together with the acidities 
of the electrol 3 rtes of the cells with respect to sulfuric 
add are given in the table herewith. 


Temperattue coefficient microyolts per 
1 deg. cent. 


Temperature 

interval 

1st group 
def. 0.04 N 

2nd g^roup 
pre. 0.04 N 

3rd group 
pyr. 0.03 N 

16^04-20^00.... 

.-3.70... 

.... -2.86... 

...-4,59 

20*.00-25».08.... 

.-2.80... 

....-2.85... 

...-3.09 

26“.08-30“.04.... 

.-4.03... 

....-2.72... 

...-2.72 

30'.04^5".02.... 

.-6.64... 

....-4.67... 

...-7.38 

35“.02-40Ml.... 

.-1.37. .. 

....- .74... 

...-1.37 

40Ml-45“.38.... 

.-1.78... 

....+9.27... 

...-1.53 

46".38-50».04.... 

.-hl.86... 

....-8.46... 

...+3.54 


After measurements were completed on this lising 
temperature cycle, a cycle was run through with the 
same temperatures in the reverse order. This cycle is 
not yet completed for 20 deg. and 15 deg. However, as 
far as it has been carried, the results are in agreement 
with the first cyde to within 0.008 per cent in the worst 
case. Equilibrium was slower, as has been so often 
noted, on the downward cycle. 

The three groups after having been at equilibrium at 
30 deg. on the downward cyde were suddenly cooled to 
26 deg. They were measimed at this new temperature 
seventy minutes on the average after having been cooled 
to it. Cooling from 30 to 25 deg. required about 20 
minutes. The average of the e. m. f. of two of the 
groups was within 0.02 per cent of the average of their 
values at 26 deg. taken before the test began. The 
average of the other group was within 0.027 per cent of 
its corresponding value. 

, Unsaturated cells show a downward drift with timp. 
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In this connection the Bureau® of Standards has the 
following to say of the Weston cells in its laboratories in 
1910. “The electromotive force of these cells generally 
decreases slightly with age. To illustrate, the Bureau of 
Standards has 15 of these cells in use in its laboratories 
which have on the average decreased only one ten- 
thousandth of a volt in the last four years, the change 
in the various cells being from nothing to three ten- 
thousandths of a volt." That is, the average in i)er 
cent was very nearly 0.01 per cent for four years or 
0.003 per cent per annum, and the maximum 0.008 per 
cent per annum, v«y closely. These values are in 
close agreement with the values for this decrease found 
in this laboratory, 0.003 per cent to 0.004 per cent per 
annum.® This slowdecreasecanbewellexplainedbythe 
diffusion of mercurous ion to the amalgam face and its 
discharge there with cadmium going into solution and 
increasing the cadmium concentration of the electrolyte. 
The drop due to this cause should cease when the e. m. f. 
of a saturated cell is reached. Another more rapid drop 
is often observed in unreliable cells, and is beyond doubt 



PiQ. 4—CvBVBS Showing Time Rbquiebd and Values 
During This Time fob an Unsatubatbd Cadmium Cell to 
Recuperate After it was Short-Circuited for 30 Mm. 


Curve No. 1 voltage vs hr. 1st day 
Curve No. 2 voltage vs days up to 10 days 
Total time to recuperate 36 days 
Value before short circuit 1.019876 volts 
Value after recuperation 1.019S00 volts 


Difference 0.000075 volts 

Aug. 19. 1920 

caused by hydrolysis. This does not stop at the value 
of the saturated cell. Such cells in practically every 
case—certainly in every case observed—^have shown 
large hsrateresis effects. They should be discarded. 
Haice, for an accuracy of 0.01 per cent unsaturated 
cells should be recertified every two years, and in 
addition, when in use they should be maintained within 
6 deg. cent, of the temperature for which the certified 
value is given. 

A cell short-drcuited for one-half hour took eleven 
hours to recover to within 0.07 per cent of its former 
value, and 36 days to come back to within 0.007 per 
cent of its previous value. (Fig. 4.) 

Three cells were short-circuited for ten minutes. At 
the end of seven hours they had recovered to within 


0.02 per cent of their original values. A short-drcuited 
cell should be regarded with suspidon, however, as the 
original equilibrium has been upset permanently be¬ 
cause of the addition of cadmium to the electrolsdie, 
if for no other cause. 

In another experiment, three unsaturated cells 
(Weston type) with an internal diameter of 25 mm. 
were each connected across a resistance of such value as 
to cause 5 microamperes, 50 microamperes and 100 
microamperes to flow in each cell respectively. The 
internal resistance of these cells was approximately 
80 ohms. The initial e. m. f., the dbsed circuit e. m. f. 
after 6 minutes of current flow and the open circuit 
e. m. f. immediately after opening the circuit are given 
below. 


Microamperes 
6 50 100 


E. m. f. before closing circuit.. .1.01890... 1.01886.. .1.01884 
E. m. f. circuit closed 6 min.... 1.01851... 1.01481... 1.01073 
E, m. f. immediately on open- 

ing.1.01890... 1.01882... 1.01880 


The same thing was done with three cells of 13.6 
mm. internal diameter. The intamal resistance of these 
cells was approximately 850 ohms. The results were 
as follows: 


Microamperes 
5 50 100 


E. m. f. before closing circuit... 1.01890... 1.01882... 1.01884 
E. m. f. circuit closed 6 min... .1,01698.. .1.00386.. .0.98994 
E. m. f. immediately on open- 
ing.1.01883... 1.01877... 1.01874 


The above indicates that not more than 0.7 mimi- 
amperes per square millimeter of cross-section (in these 
cells, electrode area) can be taken for 6 minutes from a 
cell if a predsion of 0.01 per cent is to be obtained. 

It often has been stated that “not more than 0.0001 
ampere should be taken-from a cell.” The results of 
the above experiment emphasize that as a matter of 
safety ih measuring against a standard cell the dosing 
key should be only just tapped and lengthy closing of 
the potentiometer circuit avoided. 

Cells diould not be exposed to the radiation from an 
electric light bulb. A 26-watt bulb 15 inches away and 
to one side of unmounted cells caused an increase in 
e. m. f. when the mercurous sulfate, (podtive) limb 
was exposed and the amalgam limb covered. The 
opposite arrangement caused a lowering of the e. m. f. 
Such exposure for five minutes brought about differ¬ 
ences from the equilibrium value of the e. m. f. of from 
100 to 200 microvolts (0.01 to 0.02 per cent). Even 
moimted cells have been known to show divergences of 
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the^ magnitudes, or greater, when unequally exposed 
to the heating effects of lamps or to the disturbing 
effects of draughts of hot or cold air. The. same can 
be said of heating by the hand in carrying from set-up 
to set-up. 

Ten cells were packed in “dry ice.” Two were 
proved to have been frozen solid. All recovered to 
ywthin 0.1 per cent of their former values. This test 
IS not conclusive but indicates that for precision work 
cells should not be frozen. This involves no hardship 
sinM the cryohydrie point of cadmium sulfate is about 
-16 deg. cent. 

It is surprising how many attempts are made to 
det^ine the e. m. f. of a standard cell by connecting 
it directly to a voltmeter. This method not only gives 
very poor accuracy, for reasons it is not necessary to 
go into, but injures the cell, for reasons of this same 
class. 

From the foregoing discussion it would seem logical to 
conclude that the system of the cadmium standard cell 
IS a sensitive one. This is no doubt true. It might also 
be concluded that the system cannot be set up so as to 
be stable. This is very far from true. Over fifteen 
years work upon the cadmium cell have given the writer 
ever-increasing confidence in its reliability. It is by 
no means foolproof, but then very few precision devices 
are foolproof. Ceaseless care must be given to its 
manufacture, and a thorough knowledge gained of its 
chemistry to insure the maximum of constancy and 
agreement. But there are few electrical measurements 
^if any, indeed—^where so high a precision can be 
obtained mth so little trouble as in comparisons of 
electromotive force based directly upon the standard 
cell. 
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Design of Potentiometers 

BY I. MELVILLE STEIN* 

Member, A. I. E. E. 


Synopsis*—This paper discmees potentiometer design under the 
following headings: 

L Early history* II* Factors affecting voltage range* III* Fao- 
tors affecting potentiometer resistance* IV* Low-voltage potentiomr 
eters. V* Analysis of potentiometer errors* VI* Self-checking 
features of potentiometers. VII. Oalvanometer considerations* 
VIII* Comments on volt-hooses* IX. Deflection potentiometers* 
X* The potentiomet^ in industry. 

No attempt has been made to give the complete history of poten¬ 


tiometer development^ as the paper is not intended to he primanly 
historical. 

Neither has any attempt been made to include all of the circuits 
which have been used in high-resistance potentiometers and i% the 
earlier forms of low-resistance potentiometers^ cts this would require 
too much time and space. Material of this kind has been limited to 
the minimum amount necessary to establish the proper background 

for the discussion of the subject* 

« « « « ♦ 


Introduction 

HE paper is limited to the discussion of d-c., 
laboratory type potentiometers. It would be 
difficult to include a discussion of a-c. potentiome¬ 
ters without taking up numerous spedfic applications, 
because the a-c. potentiometer is to a large extent a 
special purpose instrument. The principal difference 
between the laboratory type of d-c. potentiometers 
induded in this discussion and the industrial plant 
types of potentiometer is in the modifications necessary 
for the adaptation to particular applications. A genmal 
discussion of spedfic applications of the potentiometer 
in industry is beyond the scope of this paper and those 
intarested in that subject are referred to a recent paper* 
in the Journal of the Franklin Institute. 

> I. Early History 

A significant point in the early history of the po¬ 
tentiometer is that the circuit was developed for com¬ 
paring the electromotive forces produced in primary 
cells; and then as now it was desir^ to measure the 
true e. m. f. of each cell, that is, the open drcuit voltage. 
To accomplish this purpose, Johann Christian Poggmi- 
dorf, a German philosopher, about the middle of the 
nineteenth century devised a “compensation” method 
which is shown in Fig. 1 and in which we have the 
relation 



where e is the open drcuit voltage of cell X and E is 
the dosed drcuit voltage of cell S. Poggendorf’s 
circuit was modified by the Frenchman DuBois 
Reymond* and further modified by Latimer Clark* 
in England about 1874 to give the general form of 
circuit now used in many potentiometers. (Fig. 2.) 
Here 

r, 

02 01 

ri 

*Direetor of Besearoh, Leeds & Northrup Co., Pbilsi- 
delpMa, Fa. 

1. For refeteuoes see end of paper. 
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where Si and e* are the open-circuit voltages of S and X, 
respectivdy, and ri and r* are the values of r to produce 
a balance with Si and e,, respectively. 

II. Factors Affecting Voltage Range 

In all of the early work, the open-circuit voltage of a 
primary cell was involved. Today, in all precise po¬ 
tentiometers, the open-dreuit voltage of a primary cell 
is used for standardizing the potentiometer. This is 
the primary reason why most of the precise potentiom- 
etais have a range from zero to about 1.5 volts. There 
are, however, important exceptions to this. 

In general, if the e. m. f. of the cell used for standard¬ 
izing the potentiometer is approximately the same as 
the e. m. f. or potential difference to be measured, the 
measurement approaches a purely substitution method 
and the errors in the potentiometer itself become 
negli^ble. For instance, if in some research problem, 
requiring the utmost accuracy of measurement, it were 
desired to measure the rdation between current and 
some other condition; then if the resistance of the 
current shunt were chosen to give, for the dedred 
current, a potential drop of about 1.018 volt (the 
approximate value of a Weston standard cell), any 
error in the potentiometer itsdf could cause no mea* 
surable error in the determination of the current value. 

Some potentiometers are designed so that ten times 
the normal current may be used, in which case the 
standardizing of the potentiometer current may be 
done with a series of ten standard cells. In this way, a 
range up to 10 or 15 volts may be provided without 
pladng any greater dependence on the accuracy of the 
potentiometer redstances than is done in the po¬ 
tentiometers having a range up to about 1.5 volt. If 
such a potentiometer has also a low range, having one- 
tenth the value of the high range, then udng ten times 
the normal current and only one standard cell, the 
cmrent may be standardized on the low range, which 
thus becomes the 1.5-volt range and the nominal 
1.5-volt range becomes a 15-volt range. However, if the 
standardizing is done in this way, the accuracy of the 
final measurement involves the accuracy of the range 
changing coils. 

Potentiometer range changing devices are discussed 



1302 


81-118 



December 1931 


STEIN: DESIGN OP 

in a paper by Behr^, and a recent potentiometer of the 
type shown in Pig. 2, but having three ranges is shown 
m Fig. 3. 

The u^ of ten standard cells provides a somewhat 
more reliable reference e. m. f. than is available with a 
single standard cell. Practically the range cannot be 
increased indefinitely in this way because of difficulties 
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resistance in the galvanometer circuit. Accordingly, 
a higher resistance in the potentiometer reduces the 
sensitivity. This is true even though the galvanometer 
characteristics are correctly chosen for the high-resis¬ 
tance circuit. This point is discussed more fully below. 

For the same voltage range, the current through the 
potentiometer resistances varies inversely with the 
potentiometer resistance; for example, if a 1.6-volt 
range potentiometer has a resistance of 75 ohms, the 
cuircnt win be 0.02 ampere and if the potentiometer 
resistance is 15,000 ohms, tho current will be 0.0001 
ampere. As the impressed voltage is the same in either 
case, the leaJcage current around the potentiometra* 
resistances will be the same, but a leakage current of 

10.021740 — ----- 
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HOURS OF DISCHARGE JUST AFTER CHARGING 

Fig. 4—Current Change in Lead Storage Cell 60-Ampbre- 
Hour Cell Discharging through 100 Ohms 
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Pig. 2—^Modified Latimer Clark Circuit 



Pig. 3—Modern Three-Range Potentiometer 
WITH Separate Standard Cell Dial ($) 


due to leakage which would arise if a much hi gher 
voltage were applied directly to the potentiometer and 
for higher voltages a “volt box” is necessary. 

For low-range potentiometers, having a maYininTe 
range of the order of 0.1 or 0.01 volt, full dependence 
miMt be placed on the accuracy of the potentiometer 
Instances as no standard of voltage is available which 
will permit making a direct substitution measurement. 
Such low-range potentiometers are easa ntial for the 
precise measurement of temperature with thermo¬ 
couples. 

III. Factors Apebcting Potentiometee Resistance 

The total resistance of the potentiometer circuit is an 
important consideration in the design. Basically, 
the potentiometer is a voltage-measuring instrument, 
but the galvanometer, which is recognized as the most 
satisfactory device for indicating when the potentiom¬ 
eter is balanced or unbalanced, is basically a current 
detecting device. For any particular voltage unbalance 
in the potentiometer, the resulting galvanometer de¬ 
flection varies with the current in the galvanometer 
circuit and this of course varies inversely wth the total 



Fia. 6 —(Uppbb) Whitb Potbntiombtbh Cerctiit (Lovxa) 
Addition op Lindbok and Rothb Cibcdit 
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particular value will cause 200 times the error in the 
15,000-ohm potentiometer that it will in the 76-ohm 
potentiometer. This is a serious disadvantage in work¬ 
ing with the very small potentiometer .current which 
results, if a very high resistance is .used in , the poten¬ 
tiometer circuit. , , 

An advantege somel^mes eWpaed ifpr'; the, smaller 
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potentiometer current, but which is more apparent 
than real, is the smaller drain on the working battery. 
In this connection, it should be remembered that 
storage batterieshavingcapacitiesupwardsof 50 ampere- 
hours are now readily available at very low cost 
and the effect of a drain of 0.02 ampere on such a 
battery is very small. (Fig. 4.) Unless the battery is 
lagged or thermostated, temperature changes are likely 
to be of more importance than current drain in causing 
unsteadiness of the potentiometer current and the 
temperatune effect is the same for a drain of either 
0.0001 ampere or 0.02 ampere on a battery of 60 
ampere-hour capacity. The temperature coefficient of 
the voltage* of a lead storage cell is 0.0004 volt per deg. 
cent. Probably the objection to using a current of 0.01 
or 0.02 ampere in the potentiometer had its origin in the 
days prior to the advent of the low-price, high-capacity 
storage-cell and prior to the invention of M. E. Leeds 
and E. F. Northrup* which made it possible to check the 
potentiometer current instantly without changing the 
potentiometer setting. 

Another important design consideration which in¬ 
volves the potentiometer resistance is the comparative 
stability of low-resistance and high-resistance coils. 
While it is extremely difficult to design and construct 
unsealed resistance coils of 1,000 ohms which will re¬ 
main constant to 0.01 per cent over long periods of time, 
it is comparatively easy to construct coils of 1 to 10 
ohms resistance which will have this degree of con¬ 
stancy. This is another reason for avoiding a high re¬ 
sistance in the main circuit of the potentiometer. 

An additional difficulty arising from the use of a high- 
resistance potentiometer circuit is involved in the proper 
damping of the galvanometer. This is discussed more in 
detail below, and here it is sufficient merely to point out 
that the resistance introduced into the galvanometer 
circuit by an ordinary potentiometer varies con¬ 
siderably as the potentiometer setting is changed and if 
the potentiometer resistance is high, extra compensating 
resistance adjustments are necessary to keep the gal¬ 
vanometer properly damped. 

With a low-resistance potentiometer circuit, it is 
often possible to simplify the construction greatly by 
iifiing a slide wire to cover as much as one-tenth of the 
voltage range. This is impractical with a high-resis¬ 
tance circuit because of the small diameter of slide wire 
required. The slide wire is not at all essential to the 
construction of a low-resistance potentiometer and 
some low-resistance potentiometers are constructed 
with dial decades throughout. Potentiometers of this 
latter design are discussed in detail below. 

IV. Low-Voltage Potentiometers 
• For maldTig precise temperature measurements with 
thermocouples, accurate low-range potentiometers are 
required. A copper constantan thermocouple produces 
a voltage of only about 40 microvolts pCT deg. cent, and 
a precision of 0.001 deg. cent, is not an uncommon 


requirement. This would mean a precision of 0.04 micro¬ 
volt if only one thermocouple were used, and it is some¬ 
times desirable or necessary to use only a single thermo¬ 
couple. A practical case would include the following 
considerations. The “cold junction” or reference junc¬ 
tion of the thermocouple would be maintained at 0 deg. 
cent, because of the accuracy with which the icepoint 
can be determined and the “hot jimction” or measuring 
junction probably would be at about 30 deg. cent, in a 
constant temperature bath. Better control can be 
obtained if the bath temperature is a little above room 
temperature. If a precision of a few thousandths of a 
deg. cent, were required, say 0.003 deg. cent., this would 
mean a precision of 0.01 per cent and 0.12 microvolt. 
It will be seen at once that a total parasitic e. m. f. 
of a fewmicrovolts anywhere in the circuit would pre¬ 
vent obtaining the desired precision. 

Referring now to the potentiometer circuit, parasitic 
e. m. fs. are introduced by sliding contacts whether of 
the dial switch or slide wire t^e. A fair value to assign 
to these parasitic e. m. fs. is 1 microvolt per switch 
contact and 2 or 3 microvolts for a well designed slide- 
wire contact. Dial switches frequently are designed 
with 2 contacts per switch so that the possible parasitic 
e. m. f. would be 2 microvolts per switch. Accordingly, 
ordinary switch or slide-wire contacts that must be 
moved frequently cannot be tolerated in the thermo¬ 
couple circuit; and the galvanometer, which also must 
be in the thermocouple circuit, must be of such design 
as to introduce no appreciable parasitic e. m. f. 

The arrangement which is generally used in the design 
of potentiometers for this class of service is to transfer 
those sliding contacts which must be moved frequently, 
to the potentiometer battery circuit or to some other 
circuit in which the contact e. m. f. does not combine 
directly with the measured e. m. f. (See Fig. 6.) For 
such service, the potentiometer resistance must be low 
(not much in excess of 100 ohms) because of the sen¬ 
sitivity required. In a low-resistance circuit even the 
high-grade slide wire contacts which serve admirably 
in the galvanometer circuit of a potentiometer of the 
ordinary range have too much variation in resistance 
(0.01 to 1.0 ohm) to permit their use in a circuit which 
must remain constant in resistance while the potentiom¬ 
eter adj,ustments are being made. 

It must not be assumed that by avoiding sliding con¬ 
tacts directly in the thermocouple circuit, the problem 
is entirely solved. Parasitic e. m. f. must be avoided in 
the galvanometer itself (see below), but even then, there 
may remain a small and comparatively constant para¬ 
sitic e. m. f. which must be taken into account in work 
of extreme precision by using a false zero-setting of the 
galvanometer. 

The best null potentiometer for this work, therefore, 
would appear to be a low-resistance instrument with 
dial decades for all settings. A further refinement is to 
keep the galvanometer circuit resistance constant for all 
potentiometer settings. This permits interpreting 
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deflections of the galvanometer to give readings in 
between steps of the lowest dial and increases the speed 
of operation because good galvanometer damping is 
maintained. It also avoids disturbing the “false zero” 
of the galvanometer if this expedient is used. 

Probably the simplest, complete potentiometer circuit 
of this general form is that devised by Walter P. White’ 
and shown in Fig. 5. Here it will be seen that the slid¬ 
ing contacts of the two dials which are used for mea¬ 
suring temperature changes are in the battery circuit. 
The contacts of the two dials which are moved only 
very infrequently are shown in the thermocouple circuit. 
They could be placed in the battery circuit very readily, 
but there is little to choose between the two arrange¬ 
ments because constancy of battery circuit resistance 
in the two higher voltage dials is just as important as 
absence of parasitic e. m. f., the important consideration 
being that these switches are seldom, if ever, moved, 
once the initial setting is made. 

It win be noted that the White circuit permits the use 
of four dials, values l 3 dng between steps on the fourth 
dial being determined from the deflection of the gal¬ 
vanometer which operates in a constant resistance 
circuit. The arrangement is really that of two 2-dial 
potentiometers with the thermocouple circuits con¬ 
nected in series. Two separate balances must be made 
against the standard cell, one for each potentiometer, 
but this is not a serious disadvantage because when the 
first or second dial is in circuit, the accuracy of the 
current adjustment through the third and fourth dials 
need not be high; accordingly, the current in this circuit 
needs adjustment oifly very infrequently. 

The White potentiometer is ordinarily made with a 
single range, either 10,000 or 100,000 microvolts. 
The galvanometer circuit resistances are 40 ohms and 
300 ohms, respectively. Instruments of both ranges 
may be equipped with a second set of dials to provide 
a double potentiometer. In the double potentiometer, 
two values of potential differing widely from each other 
may be measured without disturbing the dial settings. 
This arrangement is an adaptation of the independent 
standard cell balancing dial" previously mentioned. 

The equivalent of an additional dial on the White 
potentiometer may be provided by connecting the 
device of Lindeck and Rothe® in the' thermocouple 
circuit. (See Fig. 5.) 

A two-circuit potentiometer suggested by the author 
for this class of work is shown in Fig. 6. Here the two 
thermocouple circuits, instead of being coimected to 
give the sum of the two potentials, are connected to 
give the difference of the two potentials. This arrange¬ 
ment avoids the requirement of reducing both potentials 
to zero to obtain a zero reading on the potentiometer 
and therefore makes possible the inclusion of one or two 
shtmted decades® to give 5 or 6 dials instead of the 4 
dials pro'vided in the White potentiometer. Only 5 
dials would be used at one time, the extra dial being a 
convenient means for making the range of the poten¬ 


tiometer either 10,000 microvolts or 100,000 micro¬ 
volts.* It wiU be apparent that numerous variations of 
this general arrangement are possible. The potentiom¬ 
eter of Fig. 6 has a practically constant resistance of 
about 11 ohms in the galvanometer circuit. This gen¬ 
eral circuit requires two batteries for supplying the poten¬ 
tiometer and, consequently, two adjustments against 
the standard cell just as in the White potentiometer. 

Low-voltage potentiometers have been devised which 
utilize the same “difference” principle as is used in the 
potentiometer of Fig. 6, but which use only one battery 
and require only one balance against the standard cell. 
These are commonly called “split-circuit” potentiom¬ 
eters and are shown in Fig. 7 and Fig. 8. The poten¬ 
tiometer of Fig. 7 was proposed by Diesselhorst^® and 
involves some elements proposed by Hausrath, White, 
Waidner and Wolff.“ The one shown in Fig. 8 uses a 
development of the circuit suggested by Wenner.“ The 
former has a normal range of 10,000 microvolts and a 
practically constant resistance in the galvanometer 
circuit of about 14 ohms. The latter has two ranges of 
100,000 and 10,000 microvolts and has a practically 
constant resistance in the galvanometer circuit also of 
about 14 ohms. 

There are at present no published papers giving a 
complete description of the modified Wenner poten¬ 
tiometer of Fig. 8, but such a paper is in preparation and 
■will shortly be published. 

V. Analysis op Potentiometer Errors 

Reference has been made to the stability of high- 
resistance and low-resistance coils and to resistance 
variation and parasitic e. m. f. at switch and slide wire 
contacts. The following analj^sis should help to make 
clear the significance of these factors. 

Reference to Fig. 2 will show that when both potential 
contacts are set on zero, they are connected to the iden¬ 
tical point in the current circuit. Accordingly, there 
can be no potential difference between them no matter 
what may be the ■value of the potentiometer current. 
In other words, the potentiometer has a true zero point. 
This arrangement makes possible a simple low-resis¬ 
tance potentiometer and, as indicated above, low re¬ 
sistance in the potentiometer is much to be desired. 

Fig. 9 shows the well-known potentiometer circuit 
due to Feussner.“ This potentiometer is usually made 
with a very high total resistance of (20,000 ohms). 
This high resistance is not desirable, but is necessary 
because of the large number of contacts in the circuit. 
It is important to note that the error in microvolts, 
due to residual resistance in a circuit of this kind, is a 
constant one and not a proportional one; in other 

*The use of all six dials at one time, to measure absolute 
voltage values, would imply a higher aooiuaoy in the main 
potentiometer coils and in the value of the standard cell than is 
justifiable. All six dials may be used at one time for measuring 
small changes in voltage such as might be encountered in calorim¬ 
eter measurements in ■which the temperature changes ate ob¬ 
served by means of thermocouples. 
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wordSj it produces a false zero. The error is equal to 
the residual resistance multiplied by the potentiometer 
current. In the Feussner design, a very high resistance 
is used to keep the potentiometer current small (0.0001 
ampere) so that the error due to the residual resistan^ 
is usually negligible in the class of potentiometers in 
which the true Feussner circuit is used. If a potentiom¬ 
eter were made using a circuit similar to the Feu^ner 
circuit, but which required a potentiometer current of 
0.01 ampere, it would be evident that the constant error 
due to residual resistance in such a potentiometer would 
be 100 times as large as the error in the Feussner instru¬ 
ment for the same residual resistance. 

Referring now to the potentiometer circuit shown in 
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Pig. 7—^Dibssblhobst Potentiometer Circuit 



Pig. 8—^Wenner Potentiometer Circuit 


ohm battery circuit, this would be 0.0001 per cent, and 
for a 2,000-ohm battery circuit, this would be 0.00001 
percent. 

Contacts E and F in Fig. 6 produce negligible errors 
fr o m either variation in contact resistance or parasitic 
e. m. f. The circuit in which these contacts are placed 
is such as to make the effective variation due to resis¬ 
tance entirely negligible and tobaake the effective para¬ 
sitic e. m. f. less than 1 per cent of the actual contact 
e. m. f. (See Appendix I.) The manipdation of 
contacts E and F causes a negligible variation in the 
current in the lower potentiometer circuit. If an 
arrangement of this kind were used in the upper poten¬ 
tiometer circuit whme the total resistance is lower, 
compensating coils would be necessary to correct for 
the variation in potentiometer current. 

The additional errors which need consideration in the 
potentiometer propOT are the errors in the resistance 
coils. These fall into three groups: (1) the main po¬ 
tentiometer coils; (2) the compensating coils, and 
(3) the coils bridged by the standard cell in standardiz¬ 
ing the potentiometer current. Frequently, coils are 
placed in circuit in such a way that they belong in more 
than one of these groups. Here it is desired merely to 
say that if coils not much above 100 ohms are used, there 
is no great difficulty in making them and adjusting them 
so that the error will not exceed 0.01 per cent over long 
periods. 

A summation of errors due to the above causes for the 
100,000 and 10,000 microvolt ranges of the potentiom¬ 
eter, shown in Fig. 6, is given in Appendix 11. These 
are m aximu m errors, the probable errors being some¬ 
what less. It will be seen that for both ranges, the 
maximum error is less than the value of one step on the 
last dial. 
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Fig. 6, the contacts A, B, C and D are all in the battery 
drcuite where the voltage is about 2 volts and the re¬ 
sistance in the upper battery circuit is 200 ohms and in 
the lower battery circuit 2,000 ohms. In view of the 
comparatively high voltage of the battery circuit, the 
error due to parasitic e. m. f. at the contacts is, of course, 
negligible. The microvolt error, due to variation of 
resistance at the contacts, is proportional, not constant, 
and will never cause an error in per cent greater than 

A r 

—^— X 100, where A r is the variation in ' contact 

resistance and R is the battery circuit resistance. As¬ 
suming 0.0002-ohm variation in resistance, for a 200- 


VI. Self-Checking Features op Potentiometers 

The measurements for which potentiometers are 
used are usually those on which great dependence is 
to be placed and, accordingly, the user should never 
be.in doubt about the accuracy of his potentiometer. 
Even with the best design, worWanship and materials, 
a potentiometer may be made inaccurate by abuse or 
use by a careless operator, and, to guard against errors 
from such causes, the potentiometer design, if possible, 
should be such as to permit convenient checking by the 
user. Fortunately, the nature of the ordinary poten¬ 
tiometer circuit is such as to permit checking to a high 
degree of accuracy with instruments which are of a 
much lower order of accuracy. However, to facilitate 
the work of checking, the potentiometer circuit should 
be kept as simple as possible. 

Usually, there are provided low-resistance plug 
blocks, all alike, for mal^g connections to each of the 
main potentiometer coils so that their values may be 
compared- for equality using a Wheatstone bridge. 
Since it is necessary to measure only the difference 
between values which in a good instrument are alike 
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within 0.01 per cent, errors as large as 10 per cent in the 
bridge used for checking would cause an inaccuracy of 
only 0.001 per cent in the result. After the equality 
of the main resistors has been determined in this way, 
the calibration of the slide wire is checked against the 
main resistors; see Fig. 10. If the comparative values 
of the main resistors are known to 0.01 per cent, the 
uniformity of the slide wire may be determined with 
this same precision. 

The final step is to determine the ratio between the 
main potentiometer resistors and the resistance across 
which the standard cell is connected when standardizing 
the potentiometer current. By making the standard 
cell balance across the identical resistors that comprise 
the main potentiometer resistance, it is obvious that 
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the ratio must be exactly unity. For convenience, it 
is desirable to make a small part of the resistance, across 
which the standard cell is balanced, a separate adjust¬ 
able iuiit. This small adjustable resis^ce may be 
checked against the main slide wire as shown in Fig. 11. 
With the main slide wire on zero and the standard cell 
dial at its maximum setting the battery current is 
adjusted to produce a balance against the standard cell. 
The standard cell dial is then changed in steps and the 
resistance change for each step is found by adjusting 
to a balance with the main slide wire. 

VII. Galvanometesb Considerations 
The improvement in sensitivity resulting from low 
resistance in the potentiometer circuit has been pre¬ 


viously mentioned. A common example will be found in 
the measurement of current in the standardizing lab¬ 
oratory. Here, if a comparison is made on the basis of 
using galvanometers of the same general tsrpe and 
period, it is found that generally the energy consump¬ 
tion in the current shunts is much less when working 
with a low-resistance potentiometer. The lower energy 
consxunption reduces the cost of the shtmts and avoids 
the inconvenience of providing oil and water cooling. 
If the comparison is made on the basis of equal energy 
consmnption in the current shunts, then the low-re¬ 
sistance potentiometer has the advantage that a more 
sturdy and convenient and less expensive galvanometer 
can be used. For instance, if a 300-ampere current 
shunt is made with a resistance of 0.001 ohm, it will 
produce a voltage drop of 0.3-volt at full load. A 
precision of measurement of 0.01 per cent would require 
a sensitivity of 30 microvolts. With a potentiometer 
having a total resistance of 100 ohms, the galvanometer 
circuit resistance due to the potentiometer for a setting 
of 0.8-volt is 12.75 ohms. With a potentiometer having 
a total resistance of 20,000 ohms, the corresponding 
resistance is 2^650 ohms. A convenient galvanometer 
suitable for use in the low-resistance circuit would 
have a resistance of 20 ohms, a current sensitivity of 
0.25 microampere per millimeter, a voltage sensitivity 
of 25 microvolts per millimeter with an external critical 
damping resistance of 80 ohms and a period of 3 seconds. 
The difference between 12.75 ohms and 80 ohms would 
be made up with a resistance coil of about 67 ohms. 
Reading to the nearest millimeter would give the desired 
precision. 

If this same galvanometer were used with the high- 
resistance potentiometer, the voltage sensitivity with 
2,650 ohms in circuit would be 643 microvolts per milli¬ 
meter. This would require reading to about 0.05 milli¬ 
meter, which is impractical, and, in addition, the 
galvanometer would be badly underdamped. If proper 
damping is taken into consideration, the required 
sensitivity of 80 microvolts is impossible to obtain with 
the design erf galvanometer under consideration. 
Accordingly, it is necessary to use a more sensitive and 
more costly form of galvanometer or materially to 
increase the resistance of the current shxmt with a 
consequent increase in energy loss and cost. 

Proper damping of the galvanometer is essential to 
rapid working with the potentiometer and. the damping 
of modem galvanometers, designed to have short peri¬ 
ods and high sensitivities, is much more affected by the 
external circuit resistance than were the older galvanom¬ 
eters having long periods and much lower sensitivities. 
Consequently, it is very desirable that the circuit 
resistance external to the galvanometer should be 
approximately constant. In a 20,000-ohm potentiom¬ 
eter, the probable resistance variation in the gal¬ 
vanometer circuit, as the dials are manipulated, is in 
excess of 4,000 ohms, while in a 100-ohm potentiometer, 
the corresponding resistance variation is approximately 
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20 ohms. Accordingly, when working with a very 
high-resistance potentiometer, it is impossible to keep 
the galvanometer properly damped unless some aux¬ 
iliary compensating resistance is adjusted each time a 
substantial change is made in the potentiometer 
setting. (See Appendix III for calculations.) 

When working with low-range potentiometers, such 
as those shown in Pigs. 6 to 8, it is not sufficient merely 
to avoid parasitic e. m. fs. in the potentiometer proper 
because the galvanometer itself may be the seat of a 
parasitic e. m. f. amounting to 5 or 10 microvolts under 
ordinary working conditions. By making the entire 
galvanometer circuit of copper, the parasitic e. m. f. is 
reduced to a small fraction of a microvolt.^ 

VIII. Comments on Volt-Boxes 

Usually, for extending the potentiometer range above 

1 or 2 volts, a voltage divider known as a “volt-box” 
is used. The connections are shown in Fig. 12. It is 
dedrable to noake the total resistance of a volt-box 
reasonably high, several hundred ohms per volt, first, 
to avoid lead and contact errors in the high-voltage 
drcmt, and, second, to reduce the energy dissipation in 
the coils. A much high®* resistance is undesirable 
because the higher resistance coils are likely to be less 
stable and because the higher resistance in the gal¬ 
vanometer circuit reduces the sensitivity. Some pub- 
lications“'“ state that a low-resistance volt-box should 
be used with a low-resistance potentiometer and that 
a high-resistance volt-box should be used with a high- 
resistance potentiometer. This is incorrect. In con¬ 
sidering lead and contact errors or energy dissipation 
in the coils, the potentiometer resistance is not in¬ 
volved. The consideration of sensitivity does involve 
the potentiometer resistance, but if the maximum re¬ 
sistance introduced into the galvanometer circuit 
A-B (Fig. 12) by a low-resistance potentiometer is 25 
thms and by a high-resistance potentiometer is 5,000 
ihms, it is obvious that the galvanometer circuit re- 
istance C-D in the volt-box may be 4,975 ohms higher 
with the low-resistance potentiometer to give the same 
sensitivity. 

IX. Deflection Potentiometers 

In the deflection potentiometer, the prindpal part 
of the potential being measured is balanced against a 
known potential just as is done in an ordinary null 
potCTitiometer and the remaining small portion of the 
unknown potential is read from the deflection of a 
calibrated galvanometer. While the general idea was 
suggested by Stansfield” as early as 1898 and was used 
by Hoffman and Rothe“ in 1905, the complete develop¬ 
ment of the idea as applied to precise laboratory po¬ 
tentiometers is due to H. B. Brooks of the Bureau of 
Standards. The principles underl 3 ring the design of 
deflection potentiometers have been so well presented 
in the publications” of the Bureau of Standards that 
they need not be discussed here. It will suffice to say 
that the fundamental requirement in the design of a 


deflection potentiometer is that for all connections and 
adjustments of the potentiometer, there must be no 
appredable change in the galvanometer circuit 
reastance. 

Instead of going into the design of the deflection 
potentiometer, it is desired to state the advantages of 
the instrument in one important class of measurraaents. 
Aade from its use in photometric measurements, the 
most important application of the deflection potentiom¬ 
eter is in checking large numbers of portable indicating 
instruments. Discussing this latter problem. Brooks, 
in his original publication” on the deflection poten¬ 
tiometer points out that null potentiometas are the 
most accurate for the purpose, but require too much 
time to use and that long scale “laboratory standard” 
deflecting instruments, while faster in operation, are 
not sufficiently accurate for the purpose. He concludes 
that “the need unquestionably exists for a t3T?e of 
instrument for current and voltage measurements 
which will have properties intermediate between those 
of the ordinary deflection instrument and the elaborate 
potentiometer.” 
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Pig. 14—^Potentiometer Resistance in Galvanometer 

Circuit 


It is interesting to note that although the deflection 
potentiometer does provide an instrument intermediate 
in accuracy between the null potentiometer and the 
laboratory standard deflection instruments, it is not 
intermediate in speed of operation. It is faster, than 
dther of the other two t 3 npes of instrument. There are 
several reasons why the deflection potentiometer is 
more rapid in operation than the laboratory standard 
deflection instrument. In the deflection potentiometer, 
the deflecting pointer is shorter and lighter and this 
results in a shorter period; it is unnecessary to take the 
time to estimate tenths of a division because reading 
to the nearest division is all that is required and finally, 
because in the deflection potentiometer, the position 
of the pointer does not change veiy much and need not 
be obs^ed more closely than one division, it is un¬ 
necessary for the operator to change his position 
frequently in ord®* to remain in line with tihe pointer. 
This latter precaution is ess^tial in reading laboratory 
standard deflection instruments to avoid parallax 
errors. 
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X. The Potentiometer in Industry 

Mention has been previously made of the use of the 
potentiometer in industrial plants. It may be of in- 
ta'est to point out that in recent years the use of po¬ 
tentiometers in industrial plants has increased to such 
an extent that a fair estimate indicates that nine-tenths 
of potentiometers put into use each year go into indus¬ 
trial plant applications and only one-tenth go into 
laboratory service. This is not due to any falling off 
in the laboratory uses of potentiometers. The poten- 
tiometCT is more generally used in laboratories than 
ever. It is due entirely to the very rapid increase in 
industrial plant uses of the instrument, in the form of 
portable indicating potentiometers and automatic 
recording and controlling potentiometers. 
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Appendix 1 

Calculation op Errors in Waidner-Wolff Shunt- 

Decade . 

In the circuit where these shunted decades are used 
(see Fig. 6), the e. m. f. opposes the principal e. m. f. in 
the potentiomet^ circuit. Accordingly, a decrease in 
the e. m. f. in this circuit will cause a net increase in tho 
potentiometer e. m. f. Therefore, with a constant cur¬ 
rent, the effective resistance should decrease for in¬ 
creasing dial readings. This decrease of resistance is 


obtained by shunting the coils 6 and b', the shunting 
resistance decreating in value as the dial readings 
increase. The coil values are given in the following 
table: 

TABLE I—OOIL VALUES (OHMS) DIALS V AND VI OP PIO. 8 

'r. - =:^=as=agssss5a ■ w -a^LJ 

Dial V Dial VI 

S himte d coll (6) Shunte d coil ib') 

« V1.26 » 1.1225 ohm « V0.126 0.3550 ohm 


Total Individiml Total Individual 

Dial shunting coil shunting coR 

position resistance (Rs) resistance resistance resistance 


10. 126.0-V 1.26 124.8775-a 126.0 » VO.126 125.645-cT 

9. 140.0- “ 14.0 140.0- " 14.0 

8.157.6- “ 17.5 etc. 17.5 

7. 180.0- “ 22.5 22.5 

6.210.0- “ 30.0 30.0 

5. 252.0 — “ 42.0 42.0 

4. Sl.'j.O- - 63.0 63.0 

3. 420.0- « 105.0 105.0 

2. 630.0- “ 210.0 210.0 

1.1260.0- - 630.0 630.0 

0. Infinity. Infinity..._...Infinity 


Notb: a similar selection of coil values for shunt-decades was described 
by B. P. Mu^er,2<* who derived values for the shunted resistance b and b^ 
to make most of the individual coll resistances simple values and identical 
in both decades. 


In addition to errors in the resistance coils, the posa¬ 
ble sources of error in such shunt-decades are the 
resistance and the paraatic e. m. f. at the contact. 
Most of the resistance coils are low in value so that, with 
good construction, the aror due to lack of stability is 
negligible. Lack of stability in any of the few higher 
reastance coils needs to be considered. 

The error due to contact resistance will be equal to 
the error introduced in the joint resistance of the 
shunted and shunting coils, and will have its maximum 
value when the shimting resistance has its minimum 
value. The joint resistance is 

p _ ** + A R) 

^ ” r -h H- A E 

where 

Rj = joint resistance of shunted and shunting coils 
r = shunted resistance (6 or b') 

R, = shunting resistance (minimum value a or o') 

A E variation in contact resistance 
The error in Sy due to contact resistance Aft, 
expressed in per cent is: 

per cent «TOr -X 100 

Taking approximate values for the coils of dial V 
and assuming a contact reastance of 0.0002 ohm, this 
gives, 

0.02 

percmtema-= ^ ^ = 0.00000125 

Expressed another way and for the particular resis¬ 
tance values used, the change in the joint resistance E# 
for a contact reastance A E is less than O.O'OOl A E. 
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The joint resistance in dial V is approximately 1 ohm 
and changes predsely 0.001 ohm for each step of the dial. 
The joint resistance in dial VI is approximately one- 
third of an ohm and changes precisely 0.0001 oW for 
each step of the dial. 

The oTor due to contact e. m. f. will be the e. m. f. 
produced in the galvanometer circuit by the contact 
when all other potentials in the circuit are assumed to 
be zero. Any effect in or because of the battery circuit 
is too small to be consid^ed. The following notation 
is used: ■' 

« = ir — e.m. f. produced in ^vanometer circuit by 
contact 6.:.m. f. 

r = resistance of shunted coil (b or &') 
i = current produced in r by contact e. m. f. 

6 = contact e. m. f. 

I — total current produced by e 
jB, = shunting resistance 

Bg = resistance in galYanometer circuit exclusive of 
shtmted resistance of r 
Rj — joint resistance in series with e 

Thai: 



R, 


r Rg 
r + Rg 


r Rg 
r 



r Rg 
r -\-Rg 


R, -1- 


rRg 

r + Rg 


) 


rRg 

e =zr= ^'r(R. + Rg) +R.Rg 

Again taking approximate values for dial V, taking 
Rg as 40 ohms (Appendix 2) and assuming a contact 
e. m. f. of 1 microvolt, this &ves 

40 

" = 126-h 40 4-5000 “ microvolt 

Expressed another way and for the particular coil 
values used 

e = 0.008 € 

Referring now to stability of resistance coils, there 
are only two coils in the decade which are much above 
100 ohms. These have values of 210 ohms and 630 
ohms. There is no observable diSermce in stability 
between a coil of 210 ohms and one of about 100 ohms, 
both bang able tb retain their values well within 0.01 
per cent. By referee to the above equation showing 


the minute error caused by a contact resistance, A R, 
of 0.0002 ohm, it will be seen that a contact resistance 
of 16 ohms would cause an error of only 0.1 per cent. 
An QTor in the 630-ohm coil of 16 ohms would cause a 
hundredth of this error because of the valuer of R, 
wh^ the 630-ohm coil is in circuit. An error of 16 
ohms would correspond to a change of over 2 per emt 
in the value of the 630-ohm coil and any such large 
change in a 630-ohm coil which was not defective would 
be impossible. 

Accordingly, the only errors in the shunt-decade 
which need be taken into accormt in a summation of 
CTrors are the error in tiie value of the shunted resistance 
r (6 or 60 and the error ■ introduced^ by tiie contact 
e. m. f. €. The value of r in dial V is 'approximately 
one ohm and therefore can be depended upon to 
better than 0,01 par cent. The error .caused by the 
wntact e. m. t e is less tim 1 p^ cent of the value of e. 
Similar calculations using the coil values for dial VI 
show a negligible error for variation in contact resis¬ 
tance and a value for e of 0.003 microvolt. 

Appendix II 

Calculation and Summation op Errors Low-Range, 
Five-Dial Potentiometer—Fig. 6 

This instrument is referred to as afive-dial potentiom¬ 
eter although SUE dials are used. . The reason for this 
is that only five dials are used at one time,, ^he sixth 
providing a convment means for changing the range. 
When dials I to V are used, the range is 100,000 micro¬ 
volts and when dials II to VI are used, the range is 
10,001 microvolts. 

The current in the upper circuit is 0.01 ampere and 
in the lower circuit 0.001 ampere for either range. 
Uting 2-volt hattales, the battery circuit resistance in 
the upper circuit is 200 ohms and in the lower circuit 
is 2,000 ohms. The actual galvanometer circuit re¬ 
sistance is approximately 11 ohms, but an auxiliary coil 
d is included to bring 'the resistance up to 40 ohms, which 
is the external critical damping resistance value of a 
good galvanometer of proper sensitivity ahd period. 

The coil -values for dials V and VI are given in Appen¬ 
dix I. The principal potentiometer coils for the remain¬ 
ing dials are given below. 

Dial I.nine 1.0-obm coils 

Dial II.nine 0.1-ohm coils 

Dial III... .nine 0.1-ohm coils 
Dial IV.nine 0.01-ohm coils 

It will be seen at once that there are no sliding 
contacts directly in the galvanometer or thermocouple 
circuit. The Contact e. m. f. produc^ in tiie galvanom¬ 
eter circuit by dials V and VI is given in Appendix I. 
The contacts of dials I, II, III and IV are in the battery 
^cuits. As any parasitic e. m. f. at the contacts of 
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these four dials is effective only in changing the battery 
currents, the author has found it convenient to convert 
these paraatic e. m. fs. into equivalent resistances. 
Assuming a maximum parasitic e. m. f. of 1 microvolt 
per contact, the equivalent resistance is 0.0001 ohm per 
contact in the 200-ohm, 2-volt battery circuit and 0.001 
ohm in the 2,000-ohm, 2-volt battery circuit. Contact 
refflstance changes in these four dials are assumed to be 
0.0002 ohm per contact. The final assumption is that 
the compensating coils k are adjusted to cause no error 
greater than 0.01 per cent in dials I and II and no error 
greater than 0.1 per cent in dials III and IV. 

It should be noted that any diange in battery cur¬ 
rent in the upper circuit affects dials I and II and any 
change in battery current in the lower circuit affects 
dials III, IV, V and VI. 

The coil z in the upper circuit is of such value as to 
produce a potential drop in that circuit just equal to 
the maximum drop in the lower circuit. This occurs 
when all dials of the lower circuit are set on zero and is 
2467.5 microvolts. Dials I and II add 99,000 micro¬ 
volts so that the maximum potential drop in the upper 
circuit is 101,467.5 microvolts. 

For small resistance changes, the maximum per cent 
error in current in dither circuit, due to operation of the 
dials, is the same as the maximimi per cent variation in 
equivalent resistance and is obtained as follows: 

aR 

Variation in current = • 100 per cent 

where R is the battery circuit resistance and AB is 
the maximum variation in equivalent retistance due to 
operation of all the dials in the circuit. 

Computation of A R for Upper Circuit 

Oontact resistance change. 2 X 0.0002 ohm » 0.0004 ohm 

Equivalent resistance change (con¬ 
tact e. m. t). 2 X 0.0001 “ «0.0002 “ 

Oompensating coll error Dial 1. 9 X 0.0001 » 0.0009 “ 

Oompensatlng coll error Dial II_ 0.9 X 0.0001 <-> 0.00009 ** 

A R maximum equivalent resistance variation. » 0.00159 ohm 

Computation of A R for Lower Circuit 

Contact resistance change. 2 X 0.0002 ohm » 0.0004 ohm 

Equivalent resistance change (con¬ 
tact e.m.f.). 2X0.001 “ «0.0020 " 

Oompensating coll error Dial 111... 0.9 X 0.001 -■ 0.0009 " 

Oompensating coil error Dial IV... 0.09 X 0.001 0.00009 ** 

Besistance change due to Dial V_ 10 X 0.001 ohm » 0.0100 " 

Resistance change due to Dial VI... 10 X 0.0001 ^ « 0.0010 " 

A B n maximum equivalent resistance variation.- 0.01439 ohm 

Microvolt Error in Upper Circuit due to Resistance Changes 
R « 200 ohms 
AR 

• 100 » 0.5 A B » 0.0008 per cent 

Maximum microvolt error - 101.467.5 X 0.000008 
» 0.81 microvolt 

Microvolt Error in Lower Circuit due to Resistance Changes 
B 2.000 ohms 
AB 

. 100 « 0.06 A B ■■ 0.00072 per cent 

Maximum microvolt error » 2467.5 X 0.0000072 
- 0.018 microvolt 


SUMMATION OP ERRORS DUB TO DIAL OPERATION 100.000- 
MICROVOLT RANGE 


Error due to resistance changes, upper circuit. 0.807 microvolt 

Error due to resistance changes, lower circuit. 0.018 “ 

e. m. f. produced in galvanometer circuit by contact of 

dialV. 0.008’“ " 

e. m. f. produced in galvanometer circuit by contact of 

dial VI. 0.003* “ 


Total microvolt error. 0.836 


*Se6 Appendix I. 


This summation includes slight errors due to opera¬ 
tion of dial VI, which, as stated before, would be used 
on the 100,000 microvolt range, only when observing 
small changes of voltage such as encountered in 
calorimetry. 

To obtain the total error for the 10,000 microvolt 
range, the error due to dial I should be oihitted, as dial I 
would be set on zero and would not be operated. 


Microvolt Error in Upper Circuit — 10,000 microvolt range 

Contact resistance change.... 0.0002 

Equivalent resistance change (contact e. m. f.). 0.0001 " 

Oompensating coil error Dial II 0.9 X 0.0001 «. 0.00009 “ 


A B » maximum equivalent resistance variation -<. 0.00039 oimi 

B n 200 ohms 
AB 

* 100 = 0.6 A B « 0.0002 per cent 

Microvolt error - 11,467.5 X 0.000002 
a 0.023 microvolt 


SUMMATION OP ERRORS DUE TO DIAL OPERATION 10,000- 
MIOROVOLT RANGE 


Errors due to resistance changes, upper circuit. 0.023 microvolt 

Errors due to resistance changes, lower circuit. 0.018 * 

e. m. f. produced in galvanometer drcuit by Dial V. 0.008* " 

e. m. f. produced in galvanometer circuit by Dial VI.... 0.003* “ 


Total microvolt error.... 0.052 ** 


*See Appendix I. 


When u sing the 100,000-microvolt range, one step of 
the lowest dial (dial V) is 1 microvolt and when using 
the 10,000-microvolt range, one step of the lowest dial 
(dial VI) is 0.1 microvolt. Accordingly, the maximum 
error due to switch operations is less than one st^ on 
the low dial for dther range and of course the probable 
error is even less. 

It should be noted that these summations of errors 
do not include the usual errors due to the readual 
inaccuracy in the main potentiometer coils. An inac¬ 
curacy of 0.01 per cent in these coils would cause a 
maximum microvolt error equal to one step on the 
fourth dial in use for either range. Facilities must be 
available for determining the values of the main coils 
to 0.001 per cent if the main coil retistance error is not 
to exceed the error due to switch operations. 
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Appendix III 

Variation in Galvanomestbr Circuit R^stance op 
POTEN nOMBTBRS 

If, 

R — total resistance in battery drcTiit of potentiometer 
Rg = effective potentiometer resistance in galvanometer 
circuit 

Ti = potentiometer reastance directly in galvanometer 
drcuit 

r 2 = resistance shunting ri 
Then, 

R = r, + n 

_ nn _ Ru-ri* 
r,+ rs “ R 


Rg is maximum when 


R —2 Ti 
R 


= 0 or when B = 2 ri 


Rg (max) = 

From this it will be seen that the usual high-resistance 
potentiometer, having a total battery circuit resistance 
of 20,000 ohms, introduces a variable resistance of 5,000 
ohms into the galvanometer circuit and that the usual 
low-resistance potentiometer, having a total battery 
circuit resistance of 100 ohms, introduces a variable 
reastance of only 25 ohms into the galvanometer 
circuit. 


d Rg _ R—2Ti 
dn ~ R 


Discussion 

For discussion of this paper see page 1324. 



Electrical Units and Their Application 

BY L. T. ROBINSON* 

Fellow. A. I. E. B, 


Introduction 

HE importance of measurements in any art or 
science is great; and progress is not made with¬ 
out measurement. Progress and improvement 
are made possible to the extent that those interested in 
and working along the line of developing and improving 
measuring methods and instruments are able to an¬ 
ticipate the needs of those interested in the development 
and operation of systems, devices, and apparatus. 

Electrical units are based on or definitely related to 
units of length, mass, and time. In the ordinary sense 
these units are not electrical but because so much de¬ 
pends on these fundamental units; we must be in¬ 
terested primarily in how definite and permanent the 
fundamental units are and how precisdy length, mass, 
and time may be determined by reference to existing 
standards; also how accurately copies of units may be 
made and the degree of precision attainable in produc¬ 
ing for practical use multiples or submultiples of the 
fundamental unit chosai. 

Probably the so-called c. g. s. system of units is 
most familiar. In this system the centimeter is taken as 
the unit of length; the gram as the xmit of mass, and the 
second as the unit of time. This system has been quite 
generally accepted for many years. For some pur¬ 
poses it may be a little old fashioned but in general 
it is likely to endure for a long time. It may be better 
to say that I, m, and t are likely to be required as fimda- 
mental units in the future as they have been in the 
past. At this point it would be permissible to define 
I, m, and t but this will not be attempted. So many 
things have occurred within the last few years to upset 
older conceptions of what anything really is, that 
satisfactory definitions are not written down offhand. 
However, all those interested in electrical science and 
art have an idea of what these quantities mean, at 
least sufficiently for the present purpose. 

Whatever is done, we may always retain the c. g. s. 
system, or something equivalent to it, and therefore be 
tied permanently to the fundamental units of length, 
mass, and time which have given evidence of being so 
reliable and permanent. Many determinations leading 
to the absolute value of the volt, ampere, and . ohm 
have been made and these efforts have attained a 
large degree of success. However, the procedure by 
any methods that have been employed requires a very 
long time and infinite knowledge and pains and even 
then the precision arrived at is not all that could be 
desired. Easier and more satisfactory methods it is 
hoped may be discovered. 

♦General Eleotrio Company, Schenectady, N. Y. 

Presented at the Summer Convention of the A, I. E. E., Asheville, 
N. C., June ISSl. 


Before making any statements that may be useful 
for comparison, I would like to emphasize a point; 
viz., that only very general statements will be made 
and comparisons will be based on groupings, each one 
roughly 10 times or 1/10 of the magnitude of the one 
next to it. A precision of 1 to a possible 9 parts in 
100,000,000 will be called 10~* and so oh down to 10“*, 
which will give a sufficient range. There will then be 
seven classes 10“*, 10“*, 10“*, 10“®, lO-*, 10“*, 10“* into 
one or another of which all things to be considered will 
be placed. It may well happen that some may feel that 
certain estimates are not correct even when referred to 
such wide limits. 

We are usually quite satisfied in ordinary work with 
accuracy of standard and precision of comparison con¬ 
siderably below the best obtainable, but workers in the 
field of primary, reference standards must of necessity 
be able to make determinations 10 to 100 times more 
precise than the precision demanded in practise so 
that the practical art has something to grow up to and 
its possibilities are not limited. Sometimes unusual 
practical requirements arise suddenly that can only 
be met with precision far greater than any previously 
employed. 

It is in this region that national laboratories and some 
independent workers find a very useful field and in this 
field the national Bureau of Standards stands second 
to none. These groups should all receive every en¬ 
couragement to go forward for it is not known when the 
advancing art will need much greater precision than 
has heretofore been attained. 

C. G. S. Units 

Mass standards are permanent and can be compared 
to a precision of one or at least a very few parts in 
100,000,000 and standards of length about the same. 
These, therefore, lie definitely in the 10“* class. Time, 
one of the fxmdamental elements in many thinp, can 
hardly be regarded as in the same class as length and 
mass. 

There are 86,400 seconds in a day. Therefore a 
minimum departure from a uniform rate of about 
0.001 second a day is required in order to have a 
clock included in the 10“® class. This is better than 
has been attained over an extended period of time. 
Time is therefore in the 10“* class. It even has a 
tendency to slip into the 10“* class. 

Roughly 600 years ago the first instruments that 
could really be called clocks were brought out and they 
were quite definitely in the 10"* class, probably the 
lower end of this band; in 300 years they were brought 
into the 10"* class; in about 150 years more mto the 
10"* class. During the last few years the docks 
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of Shortt and of Schuler, each quite different from and it is to be hoped that they will soon arrive so 


the other, have given unmistakable signs of being 
able to qu^y for the 10“® class. 

This shows remarkable progress. Twice within the 
last say 40 years the error in time keepers has been 
divided by 10. 

This brief consideration of time is not really a digres¬ 
sion for within the last few years the demand for 
accurate measurement of time on which frequency or 
wavelength measurements are based came almost 
too soon. This is a definite example of where we found 
ourselves too close for comfort to the precision main¬ 
tainable in primary reference standards. 

But the picture is not without its brighter side. The 
crjrstal oscillator, which in a certain way caused the 
trouble by requiring accurate adjustment and timing 
or which, to take the other point of view, had great 
value because it was capable of being given this fine 
adjustment, has been found to be a most reliable 
timing device itself . First checked with clocks it now 
bids fair to turn about and enter the higher time 
keeping class itself. Comparisons between crystal 
oscillators can now be placed in the 10“® class and 
timing of crystals in the 10“'' class. 

As a general statement it is fairly certain that a 
perfectly free pendulran is apt to be more certain in 
its performance than the motions of the planet on which 
we live but on the other.hand observation of the action 
of aystal oscillators, treated with the same care and 
respect as precision clocks, seems to make it also fairly 
certain that ho fault as to permanence or precision of 
performance is chargeable to the crystal itself. Suffi¬ 
ciently long pmods of continuous operation have not 
been observed so that it would be perhaps unwise to 
be too sanguine of the final result, but we may have a 
time measurer that is more perfect than any pendulum 
can ever be because the oscillating crystal is not affected 
by gravity which may change some in any locality and 
because it is probably much more easily protected 
against shocks than a pendulum. On the other hand 
it is at present rather afflicted by complicated auxiliary- 
apparatus which while it functions well leaves many 
chances for failure. Soon the motions of the earth 
may be checked by clocks or their equivalent instead of 
employing the present process of determining the clock 
rates from the relative motions of the earth and the 
stars. Irregularities in these motions may be shown 
by the docks. 

But why say so much about length, mass, and 
time? It is because it is of interest to know just about 
where we stand on these fundamental standards 
and the conclusion is that they are in a fairly satis¬ 
factory position; time far in the rear but rapidly advanc¬ 
ing to a position of equality with the other two. I 
thereforefeelthatlength, mass, and time are good things 
to tie to and start from. The difiSculties seein to be 
in the steps necessary to realize electrical standards 
from length, mass, and time. Improvements may come 


that the precision assignable to the fundamental 
units, length, mass, and time, may be more nearly 
realized in the electrical units that are used for funda¬ 
mental reference. 

Electrical Units 

We are more directly interested in the ohm, the 
volt, and the ampere or the absolute units of which 
these are derived multiples. As will be seen later 
there is a very wide gap between the precision assign¬ 
able to length, mass, and even time, and that assign¬ 
able to the absolute values of the practical electrical 
units, for a very good reason. Fundamental length 
and mass standards are in a sense arbitrary. This 
does not give concern because the meter need not be 
exactly 1-10,000,000 of the polar quadrant of the 
earth and the gram may not have exactly the mass, 
of 1 cu. cm. of water at maximum density provided 
the established standards remain permanent. There 
is reason to believe that they are permanent within 
satisfactory limits. On the other hand in consid¬ 
ering electrical units their relation to length, mass, 
and time must be known. They should not be 
arbitrary if agreement with mechanical units and others 
which are derived from length, mass, and time also 
is to be maintained. The electrical standards must 
therefore be kept from change and must also be brought 
into a definite and predetermined relation to the fimda- 
mental units; so that conversion factors are as simple 
as they can be. The necessary powers, roots, and 4 tt s 
are quite sufficient without the addition of odd values 
differing only a small amount from multiples of 10. 
Prom the way in which the art has developed the ohm 
and the volt or definite multiples of either are more 
readily available and transportable from place to place 
than is the ampere. 

I bdieve that the ohm is now defined as the resistance 
at 0 deg. cent, of approximately 106.30 cm. of mercury, 
1 sq. cm. section. This may be certain to five signif¬ 
icant figures or 10“t It can hardly be said to be 
dependably known to six figures, 10-‘. However, work 
is constantly being done to better this situation. 
Copies and comparisons of resistances in general may 
be made to about 10“® and the permanence of the 
primary reference standards is good, within about the 
same limits, 

Therefore, it may be said that the ohm may be con- 
adered in a safe situation, but more certainty as to the 
absolute -value would be desirable. I should like to 
see this unit known and its permanency and abso¬ 
lute value unquestioned to 10““, This seems quite 
possible of attainment. It may be that those working 
in this field will say that they have already arrived; if 
so, good. At any rate, gratifying progress has been 
made. Looking back to the first ohm of the British 
Association Committee it was about per cent 
smaller -than the present ohm, and it has taken nearly 
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50 years to eliminate the greater part of this error, 
although most of this change was in one important step. 
Precision and permanence have just about kept out 
of the way of progress in the practical field. 

The volt had rather a bad start for some time. The 
preference was to derive this from the ampere and the 
ohm. With much time and care galvanometers were 
constructed that depended for their accuracy on 
measurements of len^h and of the magnetic field of 
the earth. Again, we were tied up with a property of 
the earth as we are now with time, but unfortunately 
we cannot transniit amperes around the countries by 
telegraphic signal or by radio, and although the earth’s 
magnetic field is capable of very precise determination, 
the ampere or multiples when realized could not very 
well be carried home and used. There was nothing 
to carry the ampere in or with. Instruments using no 
permanent magnet and which did not depend on the 
earth’s magnetic field were made—electrodynamom¬ 
eters. Some were very good, but not always depend¬ 
able or precise within the required limits. 

Certain voltaic cells were known all along, but up to 
the advent of the Clark cell no competitor of the 
galvanometer or electrod 3 mamometer appeared. With 
the advent of the Clark cell something was available 
which was a very great advance indeed. It could be 
reproduced in various localities with considerable 
precision. However, it had a considerable temperature 
error and it was very difficult to keep fhe containers 
sealed, also terminals cracked, necessitating the making 
up of new.cells. 

Enormous improvement was subsequently made by 
Edward Weston when his Standard cell was given to 
the world. And it is this cell in one form or another 
that is now used together with copies of the ohm and 
multiples as the basis of most dectrical measurements. 

How good are our volts and how permanent? I 
^ould say very nearly in the same class as the ohms, 
10“^ class, and as a result the ampere in terms of these. 
two standards may come perhaps in the same class. 
This refers to absolute values, the comparisons are 
probably possible to 10“*. 

A class of instruments for the determination of or 
toe realization of ohms, volts, amperes, and watts. 
Using standard cells and carefully compared resistances, 
are capable of giving multiples of toe units throughout 
a wide range. I refer to the so-called bridges and 
pot^tiometers. By means of these instruments values 
within any reasonable range may be given and with 
precision well up into toe 10“® class. The instruments 
are convenient to use and including the portable or 
standard cells with which they are usually used are 
permanent and reliable. When it is considered that 
they are usually employed in the calibration of portable 
and working instruments toe preciaon of which they 
are capable is for most purposes unnecessarily high. 
There is a still further class represented by the deflec¬ 


tion potentiometer which is perhaps in the middle part 
of the 10“^ class. 

These instruments may be used as reference standards 
and also for direct observations. In fact for continuous 
currents there is toe opportunity at any time to secure 
definite and accurate results beyond, in most cases, 
the practical requirements. 

Transfer to Alternating Current 

However, many measurements must be made where 
alternating current is toe medium and here in special 
cases toe instrument commonly used employs some sort 
of a reflecting device for observing with some precision 
toe indications of toe moving part. These instruments 
may be placed in the border line between the 10~* Rnd 
lO"^ class. They do not fill toe requirements with 
complete success. Considering what is available for 
the intermediate class of work of which so much must 
be done, i. e., between toe 10“® class and toe 10~* class, 
time and patience are surely taxed to get what is 
required. Agreement on this point may not be com¬ 
plete and I do not offer this comment as a criticism <if 
an 3 rthing toat has been done. On the other hand I feel 
that we need something here that we do not have at 
the present time and the nearer it can be to a portable 
instrument the better. It should be quite definitely in 
toe 10~^ class for volts, amperes, and watts. For other 
genmul measuremCTits we have the well-known portr 
able instruments capable of a pr^sion of say 1 part 
in 500 or perhaps better if advantage can be taken of 
a group of readings; perhaps not as good as this if small 
scale readings are employed. 

Something of the general class of the deflection 
potentiometer conveniently usable on alternating cur¬ 
rent would be very helpful. There is also to consider 
toe step which has been taken, from direct current to 
alternating current and which rests on the assumption 
that a given instrument will give toe same indication on 
alternating current as it does on direct current for toe 
same r. m. s. values. I am not sure that this step rests 
on a perfectly secure baas. By this I do not mean that 
reasonable security cannot be assured by applying 
suitable corrections but many times much is taken for 
granted. 

Higher frequencies than 60 cycles must sometimes be 
reckoned with but we-will not yet speak of this point. 
However, low power factor is a serious problem. 

In using portable direct-reading instruments or 
instruments of the intermediate dass on alternating 
current or on alternating-current systems it is some¬ 
times difficult to realize the precision of which the 
instruments are capable because of slow pulsations in 
the supply source and because all moving systems have 
not the same time of swing. In fact, in passing into 
alternating-current work we are of necessity compdled 
to work on rotating machinery and this brings in more 
problems. Some success has been attained by recording 
photographically or by other means toe petition of toe 
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point's of a group of instruments but this is not always 
satisfactory. It is usually best to record enough 
readings to overcome the effects of the fluctuations. 
Matters can be greatly improved in a well equipped 
laboratory by using very refined regulators on the 
supply lines. This is a great help but fills only a small 
part of the general need. 

Many times we do not get all the precision out of 
portable instruments of which they are capable because 
we are apt to consider th^ as having no permanence 
of their own. It is common practise to compare 
portable instruments with a potentiometer or some 
other arrangement, say 10 to 100 times as precise, but 
not alwa 3 rs anywhere near it, and reject all values found 
by previous comparisons. Almost any instrument is 
good enough to regard a previous comparison as having 
some weight. It is only a question of how much; it 
should not be neglected altoge&er. 

In dealing with large values of alternating-current 
mnperes, volts, and watts one usually cannot use the 
resistances so precisely comparable with reference 
standards. In this field it has become customary to 
employ instrument transformers. These transformers 
s^e the purpose also of protecting the observer from 
contact with the drcuit voltage. Instrument transform- 
^ m-e capable of quite precise work. They ihay 
be placed, when carrfully checked and properly used, 
in jlie lower part of the 10-* class. 

■Within comparatively recent years the electrical 
measurement art has required expansion into the high 
frequency field and also into the field of very low power- 
factor measurements which brings in a new set of 
requirements and in which very many curious effects 
must be guarded against. The recording of wave 
fronts which are expressed in microseconds together 
with a very g^t variety of problems which have come 
up in connection with sound and communication sys¬ 
tems using wires and also the radio art have been for 
the most part met with a fair degree of satisfaction. 
This general group cannot be refored to in detail. 
k tremendous range of voltage current, power, and 
irequencgr must be covered, up to millions of volts and 
chousands of amperes and al^ millions of cycles per 
second and correspondingly small values. 

Great increases in sensitivity and decreases in the 
amount of power required to make measurements have 
been made possible by the use of vacuum tubes and a 
large expansion in this field may be looked for. Per¬ 
manence and reliability, if they could be increased, 
would avoid the necessity of using these methods in 
most cases for comparisons and placing no great reliance 
on permanence. 

Capacitors or condensers are very useful devices as 
they are able to give out a definite quantity of elec- 
Wcity when charged with a voltage which can be deter¬ 
mined very precisely from standard cells and suitable 
multiplying arrangements. It has not been my persbi^ 


experience, however, that condensers are permanent 
and reliable to the same extent that resistors and 
standard cells are and improvements along this line 
would be desirable. For example, in magnetic measure¬ 
ments it would be much simpler to work from a 
reference standard condenser than to use mutual induc¬ 
tances determined by some of the well-known methods 
of comparison or by direct reference to length standards. 

Materials for resistance standards have been greatly 
improved and it may seem that there is little need 
for further improvement. The accuracy with which 
comparisons can be made is p^haps ten times greater 
than the precision or permanence of resistance units 
assembled in practical apparatus without taking vmdue 
precautions which need not be taken if the temperature 
effects were even less than they are now. 

The development of an increased class of instruments 
in the intermediate class (10“*) is hoped for. The 
requirement is for something which will stand in the 
alternating-current field, at normal and if possible high 
frequencies and low power factor, in the same place 
that the deflection potentiometer, resistances, and stand¬ 
ard cells stand to direct-current applications. 

■Very little advance among practical workers has been 
made along the line of combining and weighing of 
results and in the application of well-known and simple 
probability relations. It is possible to do much along 
this line and to develop a few simple relations which 
will cover most cases and which will be of enormous 
advantage in use. In fact, experience can develop 
an intuitive sense in this regard and it is surprising 
what can be done with comparatively crude apparatus 
if the results obtained with a number of determinations 
are made use of and suflfident care is taken to control 
the conditions imder which the observations are made. 

Summary 

It is not the intention that the conclusion which should 
be drawn from this brief review of the situation is that 
conditions are unsatisfactory. Of course, the point of 
view might be taken that we have not made satis¬ 
factory progress in the last fifty years and that the best 
reference standards are not at all in the same class with 
available standards of length, mass, and time. 

Ordinary portable instruments seem very crude in 
comparison with portable and every day instruments 
for determining mass, length, and time. On the other 
other hand I think we should not regard the situation 
at all in this light. Length, mass, and time standards 
have had at least ten times as long a period of develop¬ 
ment. The one that has advanced the most is time. 
This advance has been about 100 fold in the past 40 
years. 

In the electrical field, reference standards in relation 
to the fundamental units, and the precision of compari¬ 
son irith reference standards have been increased in the 
same period by about the same amount. In the port- 



December 1931 ROBINSON: ELECTRICAL UNITS AND THEIR APPLICATION 


1317 


able instrument field and in indicating instruments 
generally, I feel that errors have been divided by about 
10. We can, therefore, review the situation with some 
degree of satisfaction. We have by comparison equalled 
the rate of progress in other branches W there is still 
much to be done and much to be learned by occasional 
excursions into other lines a little outside of the elec¬ 
trical field. 


Most important of all we can feel assured that the 
interest in going forward is undiminished and that during 
the next few years further and important advances will 
be made. 

Discussion 

For discussion of this paper see page 1324. 
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Synopsis»—In 192$ an amendment to the International Con- 
venlton of 1876 relating to weights and measures gave the Inter¬ 
national Committee of Weights and Measures authority to deal 
with the electrical units. This committee was thereby confronted 
with two major 'problems concerning the magnitudes of the units 
and the best procedure for their legalization and 'maintenance. It 
set up an Advisory Committee of experts to advise it on all such 
questions. At its second meeting^ in 1930^ the Advistyry Committee 
adopted a resolution to the effect that further comparisons of the 
manganin 'wire standards of resista'nce with mercury ohms are 
unnecessary. 

The mercury ohm has so long been the legalized material standard 
of resistance that it is regarded by many workers as a permanent 
institution, subject only to such slight revision of the length and mass 
of the mercury column as might he shown to be necessary as the 
technique of absolute measurements becomes more accurate. The 
present paper first gives a background by outlining the entire history 
of the unit of electrical resistance. It then gives briefly the reasons 
why the mercury ohm is obsolescent, as follows: the technical diffi- 


I N 1923 an amendm^t to tiie international conven¬ 
tion of 1875 relating to weights and measures was 
proclaimed, containing the following provision: 

“After the (international) committee (of weights 
and measures) shall have proceeded with the work 
of coordinating the measures relative to electric 
units and when the gena-al conference (of weights 
and measures) shall have so decided by a unani¬ 
mous vote, the (international) bureau (of weights 
and measures) will have charge of the establish¬ 
ment and keeping of the standards of the electric 
units and their test copies and also of comparing 
with those standards, the national or other stand¬ 
ards of precision.” 

The Intamational Committee of Weights and Mea¬ 
sures, having thus been given legal authority to deal 
with electric units, was confronted with two major 
problems; first, whether to maintain the accepted 
values of the units as nearly as possible, or to revise 
them to accord with the fundamental c. g. s. system; 
second, whether to maintain the mercury ohm and 
silver voltameter as l^aJized material standards to 
represent the units, or to legalize the absolute units 
themselves. In the latter case it would become the 
duty of the national standardizing laboratories, having 
the necessary equipment and personnel, to cany out 
such absolute measurements as might be necessary to 
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cutties attending Us use are very great; determinations with it are 
useless unless a relatively large number is made wtth great pains by 
highly skilled observers; some of the factors entering the result 
(wariness of the bore of the tube, uncertainty regarding the 
terminal resistance) remain insoluble to the present; the mercury 
ohm was devised in the day of the individual worker, separated from 
his fellows by- great difficulties of communication, and hence obliged 
to prepare his own standards from specifications; now greed notional 
standardising laboratories issue the most accurate standards avail¬ 
able, hacked by legal aidhority. The mercury ohm has always been 
a necessary, expensive evil. It has hdd its place because it could 
be reproduced more precisely than the agreement between the results 
of absolute determinations of the ohm. The technique of absolute 
determinations has improved until now it may fairly be said to be 
at least on a par with the mercury ohm as to reproducibility. The 
laborious and time-consuming repetitions of mercury-ohm deter¬ 
minations may therefore cease, and the high-grade technical effort 
they would require may be more profitably spent in improving the 
technique of absolute measurements of resistance. 


fix the values of their working standards. This work 
would be done in cooperation with the International 
Committee. Whatever course this committee might 
follow, there was an evident need for the prosecution, 
of intensive researches to provide the technical basis 
for final decisions on the type of standards and on the 
units to be adopted for international use. 

In a paper before the sununer convention of the 
A. I. E. E. in 1927, Mr. E. C. Crittenden discussed the 
status of the international electric units, particularly as 
maintained at the Bureau of Standards, and pointed out 
the uigent need for further investigations of the inter¬ 
national standards and of the experimental methods 
for realizing the absolute units upon which they are 
based. The important questions raised in this paper 
were referred to the Institute’s Committee on Instiu- 
ments and Measurements for consideration. The sub¬ 
committee appointed to study the matter prepared 
resolutions urging the Bureau of Standards and foreign 
national standardizing laboratories to tmdertake, as 
soon as possible, the additional researches needed before 
suitable legislation to reduce the disorepandes between 
the international units and the absolute units can be 
enacted; and to carry out the further researches that 
will eventually make possible the legalization of the 
absolute units in place of the international units. In 
1928 these resolutions were approved by the Standards 
Committee, adopted by the Board of Directors of the 
Institute, and transmitted to the appropriate com¬ 
mittees of the United States Senate and House of 
Representatives, the Bureau of Standards and other 
national standardizing laboratories, and to tihe Inter¬ 
national Committee of Wdghts and Measures at Sevres. 
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To assure itself the necessary expert counsel in 
regard to the important electrical questions before it, 
the International Committee in 1927 had set up as a 
subsidiary an Advisory Committee on Electricity, 
with a membership limited to 10. Eight members 
were appointed, including: one representative each from 
the national laboratories of Germany, Great Britain, 
Japan, Soviet Republics, and the United States; one 
from the Laboratoire Central d’Electricit4 at Paris; 
M. Guillaume, Director of the International Bureau of 
Weights and Measures; and Professor L. Lombardi of 
the Royal School of Engineers at Rome. At its first 
meeting in Paris in 1928 the Advisory Committee 
passed resolutions which were adopted by the Inter¬ 
national Committee a year later. These resolutions 
stressed the importance of unifying the systems of 
electrical measurements on a basis free from all arbi- 
traiy characteristics, by the adoption of the absolute 
system of units derived from the c. g. s. system; and 
expressed tihe wish that to tiiis end researches to fix 
with exactness the ratios between the absolute units 
and the international units then in use be pursued in 
suitably eqtiipped laboratories. 

The second meeting of the Advisory Committee on 
Electricity was held in 1930 at Paris. Those who have 
shared the feeling that legalized material standards, 
such as the mercury ohm, are permanent institutions, 
possibly subject to slight changes in specifications, but 
not to be superseded by legalized abstract units, will 
perhaps be surprised by the following resolution, the 
first of two adopted at this session: 

1. “With regard to the unit of resistance, the 
ohm, considering that methods of determining the 
absolute ohm are sufiicifflitly advanced and that 
the agreement between the measurements of the 
coils (secondary standards) of the different (na¬ 
tional) laboratories remains within the limits of 
precision of the measurements, it is not necessary 
at present to undertake furthOT comparisons of the 
resistance coils with mercury ohms.” 

In order to bring out the full significance of this 
seemingly radical proposal, and the sound reasons for 
the ultimate abandonment of the mercuiy ohm as a 
legalized material standard, it will be of interest to 
review the history of the ohm. 

After the announcranent, in 1827, by Ohm of his 
famous “law,” electrical workers began to feel the 
need for a unit of electrical resistance. Nature had 
been kinder in the matter of standards of dectromotive 
force, and the early workers could use the electromotive 
force of a Daniell cell or a gravity cell as a unit. Lenz, 
in 1838, suggested as a standard for the unit of resistance 
“one foot of No. 11 copper wire;” Wheatstone, in 1843, 
“one foot of copper wire weighing 100 grains.” Buff, 
in 1847, proposed to use a Graman-silverwire 1.6 nun. 
diameter and 76 cm. long. Jacobi, in 1848, had a 
certain piece of copper wire as a material standard for 


his unit, and sent copies of it to other workers. The 
telegraph engineers were not idle. In En^and they 
introduced a unit which was the resistance of an English' 
mile of No. 16 copper wire; in Prance, the resistance of 
a kilometer of iron wire 4 mm. in diameter was used; in 
Germany, that of a German mile of No. 8 iron wire. 
This does not exhaust the list of arbitrary standards of 
resistance. 

All of these proposals were faulty. Simple metal 
wires were difficult to obtain in sufficient purity; also, 
their resistivity is affected by internal stresses and the 
degree of annealing. The alloy wires were not of 
definite and exactly reproducible composition. 

The use of mercury as an ideal metal for the puipose 
seems to have been first suggested by Marie-Davy, but 
'Wemer Siemens, in 1860, made the first practical 
proposal concerning it, namely, that the unit of resis- 
tmce should be “The resistance at 0 deg. cent, of a 
prism of mercury 1 meter long and 1 square millimeter 
in cross section.” He demonstrated that he could 
reproduce a unit of resistance by means of mercury in 
glass tubes with an error of less than 5 parts in 10,000. 
The unit he proposed came into use under the name 
“Siemens Einheit” (Siemens imit), denoted in the 
older literature by the abbreviation “S. E.” 

In 1861, at the suggestion of Sir Wm. Thomson 
(later Lord Kelvin) the British Association for the 
Advancement of Science appointed a Committee on 
Standards of Electrical Resistance. The original 
committee of six members included Prof. Wheatstone 
and Dr. Matthiessen. Othw outstanding men added 
during the first eight years included Maxwell, Carey 
Foster, Latimer Clark, and Joule. Other names which 
appear later are those of Ayrton, Perry, Rayleigh, 
OlivOT Lodge, Muirhead, Preece, Fleming, Glazebrook, 
J. J. Thomson, J. V. Jones, Silvanus P. Thompson, 
Mather, and P. E. Smith. 

The “B. A. Committ^” recognized that under the 
conditions then existing it was necessary to have 
material standards of resistance, but it wanted them 
to refer ultimately to an absolute basis. Thomson 
proposed as the basis the foot-grain-second system; 
Weber and Gauss, the millimeter-milligram-second sys¬ 
tem. The Committee finally adopted the centimeter- 
gram-second system. Because of the high precision 
(1 in 100,000) with which two nearly equal reastances 
could be compared, And the great scattering (about 10 
per cent) between the results of absolute measurements 
of reastance by various observers, the Committee 
adopted as one of its cardinal doctrines the idea that a 
material standard should be developed, to have a value 
as nearly as possible equal to that of an ideal absolute 
unit; that this standard, once made, was to be regarded 
as a prototype standard, never to be changed even 
though succeeding absolute measurements might show 
it to be appreciably in error. 

Three members of the Committee made absolute 
measurements of resistance at King’s College, in 1863 
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and 1864, by rotating a short-circuited coil of copper 
wire, about a vertical diameter and with a measured 
velocity, and observing the resulting deflection of a 
magnetic needle at the center of the coil. From the 
known angular velocity, the deflection of the magnet, 
and the linear measurements of the coil, the resistance 
of the coil in absolute imits was computed. On the 
basis of this work, the Committee constructed standard 
coils of platinum-silver wire, and began to issue copies 
of the “B. A. Unit.” The Committee was dissolved in 
1870 without having established a unit for either 
electromotive force or current. 

In 1878 the investigations of Rowland at Baltimore 
showed that the B. A. unit was more than 1 per cent 
smaller than the value (10* c. g. s. electromagnetic units) 
which the B. A. Committee had intended to give it. 
This result was verified soon afterward by other in¬ 
vestigators. 

In 1880 the B. A. Committee was reappointed. In 
its reports during the next few years it was brought 
out that as the B. A. unit was known to be over 1 per 
cent in error, the question of whether to maintain this 
unit indefinitely or to define the ohm as 10® c. g. s. units 
might well be reconsidered. In the meantime a number 
of mercury standards of resistance had been set up in 
accordance with the proposal of Werner Siemens. The 
agreement between these was satisfactory from the 
standpoint of that time, and the results of absolute 
determinations had consequently been referred, directly 
or indirectly, to the Siemens Unit. 

In 1881, at the invitation of the French Government, 
an International Congress of Electricians met at 
Paris for the purpose of establishing definitions of the 
electrical units in a form suitable for enactment into 
legislation. This Congress adopted resolutions pro¬ 
posing: that. the ohm and the volt preserve their 
previous definitions, namely, 10* and 10® c. g. s. electro¬ 
magnetic units, respectively; that the ohm be rep¬ 
resented by a column of mercury 1 square millimeter 
in cross section, at a temperature of 0 deg. cent.; and 
that the ampere be defined in terms of the ohm and 
the volt. The coulomb and the farad also were de¬ 
fined. The Congress proposed that an international 
conomission be charged with the determination, by 
new experiments, of the length of the mercury column 
to have a resistance of 1 ohm; that is, 10* c. g. s. electro¬ 
magnetic units of resistance. This commission, the 
International Conference for the Determination of the 
Electrical Units, at its first meeting in Paris in 1882, 
decided that definite action should be deferred until 
further absolute measurements could be made. 

In 1883, coils sent in to be tested by the B. A. Com¬ 
mittee were certified in B. A. units, with an alternative 
figure in “R. ohms” (real ohms) on the basis of 1 B. A. 
unit equal to (li.9867 R. ohms. In 1883 the British 
Association granted funds to its Committee on Elec¬ 
trical Standards for the purchase of “Standards of 
resistance in terms Of the (real) ohm.” The purchase 


of these standards was deferred to await whatever 
action might be taken at the second meeting of the 
International Conference for the Determination of the 
Electrical Units. At this second meeting, held in 
1884 at Paris, this Conference adopted 106 centimeters 
as the length of the mercury column, in spite of the fact 
that the best absolute determinations indicated that 
the correct length was very close to 106.3 centimeters. 
This compromise with the facts was made because it 
was considered advisable for a provisional value to be 
correct to the last figure given. The unit of resistance 
so defined was given the misleading name “legal ohm,” 
but although it was used to some extent, it was never 
legalized. 

The B. A. Committee indirectly defined the relation 
between the B. A. unit and the “legal ohm” by stating 
that the resistance at 0 deg. cent, of a column of 
merctiry 100 cm. long and 1 sq. mm. cross section was 
equal to 0.9640 B. A. units. Thereafter, coils sent to 
the B. A. Committee’s laboratory for test were reported 
in legal ohms, with a supplementary statement of the 
value of the legal ohm in B. A. units. 

The B. A. Committee’s reports of 1888 to 1892 reveal 
increasing doubts and difldculties because of variations 
in the relative values of their wire standards. In the 
attempt to explain some of these changes some im¬ 
probable assumptions were made; for example, that in 
some way the nameplates of two of the coils had been 
interchanged, and that previous observers had used 
wrong values of temperature coefldcient. (These difii- 
culties, in the light of today, are explicable on the basis 
of the bad practise then followed, namely, the em¬ 
bedding of the windings in a mass of solid parafiin, 
which material has at least two serious drawbacks; an 
extremely high expansivity and a very low thermal 
conductivity.) These difficulties effectually negatived 
the Committee’s original plan for a wire standard 
never to be altered, and established the fact that 
some independent and reliable method for checking 
the constancy of the wire standards was urgently 
required. 

In 1892 the B. A. Committee annoimced that it had 
discontinued issuing standard's in terms of the legal 
ohm in favor of the ohm defined as the resistance of a 
column of mercury 106.3 cm. long. 

The 1893 report of the B. A. Committee contained 
an appendix by Prof. J. V. Jones describing his Lorenz 
apparatus for the absolute measurement of resistance 
and giving the results of some measurements made 
with it. He states that “Such an apparatus placed in 
the National Laboratory might with advantage be 
kept in constant use, not only for the calibration of 
low resistances, but also as embodying in concrete form 
a proper ultimate standard of electrical resistance.” 
In an appendix to the 1894 report Prof. Jones com¬ 
municates the result of a determination of the ohm in 
absolute measure with his Lorenz apparatus. He 
obtain^ 106.32 cm. as the length of a mercury cplump 
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1 sq. mm. in cross section having a resistance of one 
“true ohm.” 

An international electrical congress met in Chicago 
during the Exposition of 1893, with representatives of 
ten governments in attendance. It adopted resolutions 
defining eight electrical units. To distinguish them 
from their predecessors, they were called the inter- 
national ohm, international ampere, etc. The inter¬ 
national ohm was “based upon the ohm equal to 10® units 
of resistance in the c. g. s. system of electromagnetic 
units, and is represented by the resistance offered to an 
unvarying electric current by a column of mercury at 
the temperature of melting ice 14.4521 grams in mass, 
of a constant cross-sectional area and of the length 
of 106.3 cm.” 

Because of certain defects and inconsistencies in the 
resolutions of the Chicago Congress, the six national 
governments which afterwards legislated on the matter 
defined the electrical units in different ways. One of 
the outstanding defects of the Chicago resolutions was 
that the ohm, ampere, and volt, which are physically 
related by Ohm’s law, were all defined in terms of 
material standards. 

The inconsistencies of the resolutions of the Chicago 
Congress were not recognized when the U. S. legislation 
(Act approved July 12,1894) was enacted. They were 
recognized in the German law of June 1, 1898, which 
defines the ohm in terms of a column of mercury, the 
ampere in terms of a rate of deposition of silver, and 
the volt in terms of the ohm and the ampere. At the 
call of the German Reichsanstalt, an international 
conference was held in Berlin in 1906, at which this 
logical procedure was recognized as the correct one. 
The Berlin conference also favored replacing the Clark 
cell by the Weston normal cell. 

In 1908 an international conference on electrical 
units and standards was held at London, with delegates 
from 21 countries in attendance. At this meeting 
resolutions were adopted which for the first time clearly 
differentiated between the fundamental (absolute) 
electrical units and a system of units representing the 
fundamental units, and sufficiently near them for 
practical use and to serve as a basis for legislation. 
The London Conference recommended the adoption 
as this second system, of the international ohm defined 
in terms of a mercury column, the international ampere 
defined in terms of a time-rate of deposition of silver, 
and the intematioiuil volt and international watt de¬ 
fined in terms of the international ohm and international 
ampere. The Conference provisionally adopted the 
value 1.0184 international volts as the electromotive 
force at 20 deg. cent, of the Weston normal cell. 

In 1910 an intercomparison of Weston normal cells 
and of silver voltameters was carried out at the Bureau 
of Standards by members of that institution together 
with one delegate each from the national standardizing 
laboratories of England and Germany and one from the 
Laboratoire Central d’Electricit4 of Paris. As a result 


of this work it was agreed to define the electromotive 
force of the Weston normal cell at 20 deg. cent, as 
1.0183 international volts. This value was officially 
recognized by the Bureau of Standards on January 1, 
1911, and is still in force. The international ohm was 
taken to be the mean of the values realized by the use 
of mercury ohms at the national laboratories of England 
and of Germany, as represented by manganin coils 
brought by the representatives of these institutions. 

Mercury standards of resistance had been con¬ 
structed by F. E. Smith at the English National 
Physical Laboratory during the years 1902 to 1907. 
A preliminary calibration of 70 glass tubes gave the 
data on which 11 tubes of the greatest possible uni¬ 
formity of bore were selected. This matter of uniform¬ 
ity of bore is very important. The legal specifications 
assume a column of mercxuy of unvarsnng cross section, 
which cannot be realized. In practise, after selecting 
the most uniform tubes, a prolonged experimental 
study of the* irregularities of bore is followed by a 
mathematical analysis to determine the “caliber cor¬ 
rection,” which is the factor by which the resistance of 
the column of mercury of variable cross section is 
greater than the resistance of an ideal column of 
mercury having the same length and mass, and an 
absolutely uniform cross section. It is desirable that 
this factor be as nearly unity as possible. The cali¬ 
bration factor of Smith’s tubes exceeded unity by from 
8 to 200 parts per million. 

The elaborate technique of cleaning, calibrating, and 
cutting off the tubes, and measuring their length; of 
determining the mass of contained mercury; and of 
comparing the resistance of the tubes with the existing 
wire standards, is too laborious and involved to be 
outlined here. To be worth doing at all, this technique ■ 
must be carried out by scientific men of great manipu¬ 
lative ability, with the observance of extreme precau¬ 
tions against errors in various parts of the measurement. 
The amount of time required is very great; so much 
so that in spite of the legal standing of the “mercury 
ohm” only a relatively small nxunber of outstanding 
determinations have been made during the past thirty 
years. 

Smith’s final result was that the unit which had 
been in use at the National Physical Laboratory was 
85 parts per million lower than the international ohm 
as realized by his mercury standards, and 19 parts per 
million lower than the international ohm as maintained 
at the German Reichsanstalt. 

Smith’s account of his work is notable for its frank¬ 
ness and freedom from bias. He seems to be the only 
worker in this field to appreciate and to discuss a 
source of error not even mentioned by the rest. The 
measured “length of the tube” which has been so care¬ 
fully determined with all possible accuracy is actually 
the length between the end faces of a hollow glass body 
of approximately cylindrical form. The length which 
ought to be measured is that of the axis of the waim 
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column of mercury which fills this hollow cylinder, 
which length must be greater than the measured dis¬ 
tance between the ends of the tube. Even today there 
is no known method for determining the true length 
of the mercury column. Smith carried out a calcula¬ 
tion which showed that a waviness of the axis of the 
column, so slight that if the axis were drawn as a line 
it could not be distinguished by eye from a straight 
line, would introduce an error of 36 parts per million. 

Seven mercury-ohm investigations have been carried 
out at the German Reichsanstalt. Of these, that of 
lindeck, r^orted in 1891, must be regarded as pre¬ 
liminary only, because of the lack of various precautions 
not appreciated at that time. The work begun by 
Eriechgauer, completed and desmbed by Jaeger in 
1895, was much more thorough in nature, but included 
only two tubes carried to completion, and three others 
begun. The two completed tubes (No. XI and No. 
XIV) were not of very uniform bore; their caliber 
factors, before cutting to length, were respectively 
1.002980 and 1.001731. By choosing the most favor¬ 
able locations for cutting off the surplus end portions, 
the caliber factors were reduced to 1.001878 and 
1.000341 respectively. Four 1-ohm manganin stand¬ 
ards, employed in this work, have played a very im¬ 
portant role in the maintenance of the unit of resistance 
at the Reichsanstalt. Their relative values have been 
accurately determined at frequent intervals, for over 
80 years, and all the mercury standards since made at 
the Reichsanstalt have been compared with them. 
From a study of the relative values of these four 
manganin coils the Reichsanstalt has felt justified in 
assuming that their mean value may be taken to be 
constant over a period of years between mercuiy-ohm 
investigations. In fact, this mean value has continued 
to be taken as the basis on which resistance standards 
have been certified by the Reichsanstalt, even though 
succeeding mercury-ohm investigations have indicated 
an average increase in the unit (as maintained by the 
mean of the four coils) of about 1 part per million per 
year. This procedure has been conridered warranted 
by the resulting convenient continuity in the records. 

Other mercury-ohm determinations at the Reich 7 
sanstalt, which cannot be discussed here in detail, are 
listed in the following table: 


TABIiS I 


Investigation 


Bate of 

No, 

Observers 

publication 

3. 

_Jaeger and Kahle. 

.1900 

4. 

_Jaeger and DiesseUiorst. 


6.. 

_Jaeger and Olesselhorst. 

.1906 

6. 

-Jaeger and von Steinwebr. 

.1913 

7.... 

.,. .von Steinw^ and Sclitilze. 



The work of von Steinwehr and Schulze, presumably 
the last investigation of this kind that will be made at 
the Reichsanstalt, revealed the fact that some of the 
older tubes had changed their linear dimensions appre¬ 


ciably. For example, tubes XI and XIV, originally 
agreeing to 7 parts per million, had drifted in 12 years 
until they differed by 70 parts per million. Further¬ 
more, the agreement between these old tubes and five 
newer ones was not very satisfactory. It is impossible 
to make an acciuate check of the caliber correction 
factor of a tube after the end portions have been cut 
off. The dimensional changes can be confirmed by 
remeasuring the length of the tube and redetermining 
the mass of mercury required to fill it. 

Four mercury-ohm tubes were constructed by Benoit 
in 1884. The length of the tubes appears to have been 
measured with great care, but the accoimt of the 
electrical technique is too meager to permit an evalua¬ 
tion of the accuracy of the final results. In 1908 
Benoit made ten tubes, but his account is not suflS- 
ciently detailed to allow a comparison between his 
results and those of the national laboratories. 

In 1911-12 four mercury standards were made at the 
Bureau of Standards by Wolff, Shoemaker, and Briggs. 
The technique in general w^ similar to that of the 
Reichsanstalt. The 1-ohm manganin coils with which 
the tubes were compared were of the sealed, oil-filled 
type developed by Rosa. The results of the work 
showed that the international ohm as defined by the 
mean of the four tubes was 26 parts per million smaller 
than the international ohm as maintained by the 
Bureau’s wire standards, 30 parts per million smaller 
than the unit as defined by the German tubes, and 20 
parts per million smaller than the unit defined by the 
English tubes. 

Five mercuiy-tube standards were made at the 
National Physical Laboratory for the Electrotechnical 
Laboratory of Japan, and five additional standards 
were made at the latter institution. The work was 
described in a report by Obata in 1914. The results 
showed a good agreement between the individual 
tubes, and between the mean of the five tubes made 
in the Japanese laboratory and the mean of the five 
made in England. 

The principal advantages of the mercury-ohm stand¬ 
ard are as follows: The conducting material is free 
from internal molecular stresses, and is purifiable to a 
high degree. Because it can be reproduced from 
specifications, the mercury-ohm standard serves to 
record the unit of resistance of any given period, within 
a few parts in 100,000, for future reWence. The 
standard is simple in principle of construction, but its 
numerous drawbacks have caused it to be much 
neglected for many years, even in countries which have 
legalized it. 

The disadvantages of the mercury-ohm standard are 
as follows: The conducting material has a high tem¬ 
perature coefficient of resistance, which in conjunction 
with the high thermal resistivity of glass makes it 
difficult to measure the temperature of the mercury 
with sufficient exactness, and limits the allowable test 
current through the mercury column to a small value. 
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It is now known that mercury is not a simple substance 
but a mixture of isotopes. (This is not a serious ob¬ 
jection from the practical standpoint, because the 
particular mixture of isotopes of mercury found in 
nature seems to be very closely the same everywhere.) 
The mercury is liable to slight contamination from the 
metal electrodes immersed in it. The glass tubes 
cannot be made, straight and of uniform bore, and the 
error arising from waviness of the bore, though of 
known sign, is of undeterminable magnitude. The 
terminal bulbs which are necessary to make connection 
to the ends of the mercury column introduce an un¬ 
certainty because no method has yet been found for 
definitely calculating the terminal resistance with 
sufficient accuracy. This fact makes it necessary to 
adopt an empirically chosen size of end bulb. The 
wires which lead the current into the terminal bulbs 
must be small so as to minimize the conduction of heat 
to the mercury; they are therefore of relatively high 
resistance, which is a drawback in some methods of 
effecting the electrical comparisons. 

It is of interest to summarize some of the other 
major reasons for the original adoption of the mercury 
ohm and its present obsolescence. It was originally 
proposed at a time when electrical workers were much 
isolated. The existing means of communication were 
slow and imperfect, and hence each worker felt the 
need of preparing his own standards. Although the 
underlying absolute electrical units were recognized 
from the begiiming of the B. A. Committee’s work, the 
crudities of the apparatus and technique of absolute 
measurements resulted in such a scattering of the 
values obtained by means of them, as to constitute an 
imperative reason for a physical standard of resistance 
reproducible from specifications. 

The situation has altered greatly since the beginning 
of the present century. The technique of the mercury 
ohm was almost fully developed at the start, having 
been originated and perfected by the thermometer 
maker, the physicist, and the chemist. In spite of the 
vast amount of high-class technical labor which has 
been expended on the mercury ohm, it seems physically 
impossible to push its limit of reproducibility beyond 
that attained thirty years ago, namely, a few parts in 
100,000. On the other hand, the technique of absolute 
measurements has continuously improved imtil now 
it can fairly be said to be at least on a par with the 
mercury ohm as to reproducibility. The day of the 
isolated worker, setting up his own standards, has 
passed, and great national standardizing laboratories 
now not only establish standards with an accuracy 
beyond the resources of most individual workers, but 
have a legal status which gives the stamp of authority 
to their certified values. These national laboratories 
keep in touch with one another by the exchange of 
standards, thus securing a measure of international 
uniformity. 

The technique of absolute measurements can un¬ 


doubtedly be improved. But even if it could do no 
more than maintain its present parity (as to repro¬ 
ducibility) with the mercury' ohm, the latter, always a 
necessary evil, has no further reason for existence. 

It is beyond the scope of this article to give more 
than the briefest reference to absolute measurements. 
The spinning coil of the B. A. Committee has already 
been mentioned. The Lorenz apparatus is an elemen¬ 
tary dynamo in which a non-magnetic metallic disk 
is rotated within the magnetic field of two solenoids 
wound on non-magnetic cores and traversed by a steady 
direct current from an external source. The apparatus 
thus constitutes a sort of homopolar generator in which 
an electromotive force is induced radially in the rotating 
disk. At a certain definite speed this induced electro¬ 
motive force will just balance the IR drop between 
the potential terminals of a four-terminal resistance 
standard through which passes the steady current 
circulating in the solenoids. From the accurately deter¬ 
mined speed of rotation and the mechanical measure¬ 
ments of the dimenrions of the disk and of the field 
coils, the resistance of the standard between its poten¬ 
tial terminals can be determined in terms of the c. g. s. 
absolute elect^romagnetic unit. The most outstanding 
Lorenz apparatus thus far built is the one at the 
British National Physical Laboratory. 

An absolute apparatus, simpler in some respects, is 
used at the German Reichsanistalt and at the Bureau 
of Standards. It employs single-layer solenoids wound 
upon accurately machined cylindrical forms of non¬ 
magnetic material, such as marble. The self inductance 
of such a coil, in terms of the fundamental units, can 
be computed 'with high accuracy from m^urements 
of its dimensions. The self inductance can also be 
measured in terms of the international ohm and the 
second by means of alternating-current methods, using 
currents of which the frequency is accurately known. 
Prom the two results one may derive the ratio of the 
international heiuy to the absolute henry, equal to 
10“ c. g. s. units of inductance. It may be shown that 
this ratio (which is 1.00052, plus or noinus a few units 
in the last place) is also the ratio of the international 
ohm to the absolute ohm. The results obtained by 
this a-c. method are in close agreement with those 
obtained with the Lorenz apparatus. These two 
methods do not exhaust the list of possible means for 
the realization of the absolute ohm. 

It would be premature to attempt to set even an 
approximate date for the establishment of the absolute 
electrical units on a legalized basis, but there are urgent 
reasons for reaching this goal as soon as possible. The 
rapid development of electrical technology in recent 
years hqs imposed new and exacting demands for 
accuracy of measurement and permanency of standards. 
Nowhere is this demand more impressive than in some 
phases of the radio art, where (for example) frequency 
measurements are carried out and standards of fre¬ 
quency have been developed to an accuracy (a few 
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parts in ten million) so great as to threaten to expose 
the failings of even the most highly developed time¬ 
keepers used in observatories. The world-wide sweep 
of radio makes international uniformity of frequency 
standards an imperative necessity. Electrical stand¬ 
ards of various kinds, embodying the errors known to 
exist in the present units, are being made and distrib¬ 
uted more widely than ever. The longer the legaliza¬ 
tion of the absolute units is deferred, the more costly 
and troublesome will be the necessary readjustment of 
the standards used in engineering and science when 
such legalization is ultimately accomplished. 


Discussion 

INTERNATIONAL STANDARD OF ELECTROMOTIVE 

FORGE 

(Epplbt) 

DESIGN OF POTENTIOMETERS 

(Stein) 

ELECTRICAL UNITS AND THEIR APPLICATION 

(Robinson) 

THE UNIT OF ELECTRICAL RESISTANCE 

(Brooks) 

H. B. Brooks: Dr. Robinson's paper gives a-valuable general 
survey of the electrical units and of the fundamental units and 
standards upon which the electrical units and standards are 
based. I am especially pleased to note his conviction that the 
electrical units should not be arbitrary if agreement with the 
fundamental units is to be maintained. This is in harmony with 
one of the resolutions of the Advisory Committee on Electricity 
at its frst meeting in 1930, namely, that it is desirable to establish 
the electrical units on a basis free from all arbitrary character. 
This thought is not as recent as it may seem. At the Inter¬ 
national Conference on Electrical Units and Standards in 
London in 1908, the chairman (Lord Rayleigh) characterized 
the mercury ohm as a fifth wheel to the coach; and expressed 
the hope that in time it might be eliminated from the definition 
of the ohm. Dr. F. E. Smith, who did outstanding work on the 
mercury ohm years ago at the British National Physical Labora¬ 
tory, expressed a firm conviction later that the time was ripe for 
the adoption of the absolute ohm in place of the arbitrary 
mercury ohm. 

Dr. Silsbee and I were much interested to note Dr. Robinson's 
requirement for “something which will stand in the alternating- 
current field, . . .in the same place that the deflection poten¬ 
tiometer, resistance, and standard cells stand to direct-current 
applications." We have felt this need very clearly and Dr. 
Silsbee has had under development for some time a type of 
instrument which we hope may meet this demand. We have 
named the type “composite-coil instruments" although they 
operate directly on the electrodynamic principle. They can be 
wound as wattmeters, ammeters or voltmeters, and have a 
reading error equivalent to that of a pointer instrument having 
about 1,250 scale divisions. The unavoidable cost of this pre¬ 
cision lies in the complication of supplying an auxiliary direct 
current and standard cell, and in somewhat less convenience in 
reading. A description of this type of instrument will be pub¬ 
lished shortly. 

Dr. Eppley's paper is a very inclusive and carefully prepared 
treatment of the standard cell. Standard cells as everyday tools 
have become so customary that we seldom realize either the vast 
amount of research work which has been spent on them, or the 
distressing situation of the art of electrical measurements if the 
standard cell or an equivalent device should cease to be available. 


My comments refer to the use of standard cells and to means 
for comparing them. I am very partial to the opposition method, 
in which one actually measures only the small difference between 
e.m.f. of the cell under test and that of the reference cell. Rela¬ 
tive Values to one part in a million are easily obtained in this way, 
provided one takes extraordinary pains to eliminate parasitic 
e.m.f., and yet the actual measuring device needs to have only 
moderate accuracy. I have under design a special potentiometer 
for standard-cell comparisons which is based on the opposition 
method but has novel features which avoid the two small in¬ 
conveniences of the method, mentioned by Dr. Eppley. The 
observer need not determine whether the e.m.f. of the cell under 
test is higher or lower than that of the reference cell. The usual 
addition or subtraction is not required; the value of e.m.f. of the 
cell under test may be read off directly to the nearest microvolt, 
with interpolation to 0.1 microvolt. An exact balance can always 
be obtained, within the limit set by the sensitivity of the gal¬ 
vanometer used. Methods in which the microvolts figure (even 
tens of microvolts, in one prominent laboratory) is obtained by 
interpolation of two opposite galvanometer deflections are (in my 
opinion) objectionable in cases where the highest accuracy is 
desired, In such cases, the passing of even very small currents 
through the cell should be avoided as much as possible. 

In the electrical instrument laboratory of the Bureau of 
Standards unsaturated cells for ordinary purposes are kept in 
heavy copper cases covered with heat-insulating material. 
These two expedients tend to prevent two undesirable thermal 
conditions; namely, inequality of temperature of the two limbs 
of the cell, and abrupt changes of the temperature of the cell as a 
whole. 

I should like to recommend to users of unsaturated standard 
cells that they occasionally measure and record the internal re¬ 
sistance of their cells. Occasionally, gas bubbles may develop 
in the amalgam limb, and as the bubble grows in size the internal 
resistance of the cell increases. In time, the internal resistance 
may become practically infinite, and the cell useless. I have 
reconditioned such cells by carefully passing the amalgam limb 
back and forth through the flame of a bunsen burner. The 
heating of the entrapped gas drives it up in minute bubbles past 
the stopper which serves as a septum. Such cells have had their 
value of e.m.f. disturbed only temporarily by this process, and 
are useful after a reasonable period of rest. 

To determine the internal resistance of a standard cell, it may 
be connected in opposition to a similar reference cell and the small 
difference of e.m.f. measured. If a resistance of one megohm 
(strictly, 1.018 megohm) is now connected across the cell under 
test, a new balance must be made because the potential difference 
at the cell terminals is lowered by the flow of one microampere 
through its internal resistance. Then the observed drop of e.m.f., 
in microvolts, is numerically equal to the internal resistance of 
the ceU in ohms. 

Mr. Stein's discussion of the factors affecting potentiometer 
design brings out the great importance of having the “internal 
resistance" of the potentiometer suitable for the constants of the 
galvanometer appropriate for the given measurement range. 
Formerly, this matter was not appreciated, but at present it is 
beginning to receive attention. However, in considering the 
matter of adapting the internal resistance of the potentiometer 
to that of the galvanometer, one should not feel obliged to obey 
too literally the old tradition which requires these two values 
of resistance to be as nearly equal as possible. It has been 
found independently by A. Schuster and myself ‘ that the resis¬ 
tance of the galvanometer may differ very greatly from that of 
the rest of the circuit without the loss of a proportionate amount 
of working sensitivity. For example, if the resistance of the 
galvanometer coil is 100 ohms, the greatest “working sensitivity'-' 
will be had if the resistance of the potentiometer (including 

1. A. Schuster, Philosophical Magazine, 39. 1895; p. 175; H. B. Brooks 
Bureau of Standards Journal of Research, 4, 1930, p. 297., 
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resistance of galvanometer suspensions and that of any other 
inert parts of the galvanometer) is also 100 ohms. However, 
the same galvanometer may be rewound with wire of the same 
space factor to give a coil of from 20 ohms to 500 ohms resistance, 
with a loss of working sensitivity nowhere in excess of 26 per 
cent of the optimum sensitivity. 

In discussing the relative stability of low resistance and high 
resistance coils, it should be remembered that this matter, as 
regards the potentiometer, is very different from the same 
question as related to most other apparatus composed of resis¬ 
tance coils. Absolute stability in the coils of a potentiometer is 
unnecessary; all that is required is that the various coils of any 
given potentiometer shall maintain their relative values to a 
suitably high degree. 

Mr. Stein speaks of taking acco.unt of parasitic e.m.f. by 
using a false zero-setting of the galvanometer. There are cases, 
such as in the comparison of standard cells, where this method is 
not reliable. A much better plan is to use a compensating device 
consisting of a copper-wound slide rheostat with its winding in 
the galvanometer circuit. A flashlight cell or similar small cell 
sends a current of about 0.1 milliampere through a resistor of 
about 15,000 ohms to a tap from the center of the copper winding. 
The slider of the rheostat completes the circuit to the cell. This 
device may be cheaply made and provides the best known way 
of taking care of parasitic e.m.f. 

It is pleasing to see Mr. Stein call attention to the possibility 
Of parasitic e.m.f. in the galvanometer, of as much as 5 or 10 
microvolts. Some workers in the field of precise measurements 
are very reluctant to believe this. Under a very unfavorable 
combination of poor design and exposed location of galvanometer, 
winter weather, and heating by circulated warm air, I once 
observed a parasitic e.m.f. in the galvanometer of 40 microvolts. 

While the relative speed of working with the deflection poten¬ 
tiometer does not constitute a striking advantage for the very 
occasional test of an instrument, it becomes important in the 
production of instruments, or in the checking of large numbers 
by users. The greatest advantage which the deflection potenti¬ 
ometer possesses, as compared with the laboratory standard 
deflection instrument, is that on the average about 98 per cent 
of its reading is based on the e.m.f. of the standard cell. An 
operating advantage of the deflection potentiometer, of some 
importance, is that it is difficult to bend the pointer of its gal¬ 
vanometer, and easy to replace the galvanometer if it should be 
damaged. The bending of the pointer of a laboratory standard 
instrument is a much more serious matter, and causes a rela¬ 
tively long delay in getting the instrument back into service. 

H. W. Bearces An important step in the direction of in¬ 
creasing accuracy of length measurement was that taken in 1927 
by the International Committee of Weights and Measures by 
wliich a supplementary definition of the meter was set up in 
terms of light waves. The provisional equivalent was established 
as 1 meter equals 1553164,13 wavelengths of the red radiation 
from cadmium under specified standard conditions. This relation 
already has found extensive use in a wide variety of interfer¬ 
ometric apparatus. 

L. T. Robinson: It is pleasing to note that as far as the ohm 
is concerned Dr. Brooks is in accord with the idea that the 
primary reference standard should be the absolute determination 
rather than any arbitrary standard. I did not know of the 
results of the work of the Advisory Committee on Electricity nor 
of Lord Rayleigh’s earlier statement. These statements and 
other references by Dr. Brooks indicate that the fact is quite 
generally appreciated that the adoption of the absolute ohm in 
place of the arbitrary mercury ohm is near at hand. 

The degree of precision that has been attained by the Bureau of 
Standards in the absolute determination of the ohm is most 
gratifying and indicates that the ideals set down in my short 
paper are possible. I hope that some equally satisfactory 
arrangement may be made with regard to the volt. 


The figures given in my paper were arrived at only by con¬ 
sidering the needs and to obtain accuracies comparable with those 
of the fundamental standards. Any misgivings that I may have 
had have been dispelled by the papers and discussions at this 
session. 

The instrument that Dr. Brooks and Dr. Silsbee have under 
development to fill the gap in the alternating current field is very 
interesting. If application of the first type produced is limited 
by some complications I am sure that once the need is fully 
recognized and the precision demanded is met any minor diffi¬ 
culties and complications will soon disappear. 

In Dr. Eppley’s carefully prepared and instructive paper the 
fact is also quite clearly brought out that the permanence of 
standard cells is much more satisfactory than their reproduci¬ 
bility in absolute values. If the absolute value of the ohm and 
the volt is adopted and if such satisfactory progress is made with 
the volt as has been reported by Dr. Brooks with reference to 
the ohm, the requirement for working reference standards be¬ 
comes only that they be permanent and transportable. The 
absolute values relating to any particular copy may be accurately 
determined and affixed. 

Several minor comments occurred to me during the reading of 
Mr. Stein’s paper. Referring specifically to page 1304 ‘‘parasitic 
e.m.fs.” the figures given in the paper seem high. In the dial 
type potentiometer with which I am most familiar these para¬ 
sitic e.m.fs. do not exceed 2 microvolts and are usually less than 
one microvolt total for all the dials. 

Mr. Stein has spoken of high resistance and low resistance 
potentiometers and of the advantages of the low resistance type 
as far as the galvanometer is concerned. Perhaps any failure 
to agree with the author on all his conclusions may be that 
most users have associated “low resistance’’ in their minds with 
instruments having slide wires. 

A dial potentiometer having about 100 ohms per volt seems 
best and this is quite satisfactory with commercial galvanometers. 

Mr. Stein shows in Appendix 3 that within reasonable limits 
the galvanometer requirements for potentiometers is about the 
same whatever the resistance. 

The best performance in the higher resistance galvanometers 
is limited by the very large number of turns required and the 
consequent small space factor of the winding. On the other hand 
the low resistance type is limited in the very low resistance range 
by the resistance of the suspensions becoming such a large part 
of the total galvanometer circuit. 

I think all the well appreciated advantages of the 20,000-ohm 
potentiometer can be and in fact have been realized in the dial 
type of about 200 ohms. 

H. L. Curtis: Dr. Brooks has shown the weaknesses of the 
mercmry ohm and indicated the intention of the International 
Committee to adopt the absolute ohm as the imit of electrical 
resistance. He has asked me to summarize the information on 
the absolute ohm that probably will be available to the Inter¬ 
national Committee at its next meeting in 1933. 

There are only two published results which are now of im¬ 
portance in deciding on the difference between the present 
international ohm and the absolute oHm. One of these researches 
was completed in 1913 at the National Physical Laboratory 
(P. E. Smith: PhiL Trans. Roy. Soc., 214, p. 27,. 1913). The 
experimental work for the second was completed in 1914 at the 
Physikalisch-Technische Reichsanstalt (Grtineisen and Giebe, 
Ann. der Physik, 368, p. 179, 1920) but was not published until 
1920. 

There is now in progress a determination by a second inde¬ 
pendent method at the National Physical Laboratory and two 
entirely independent methods are being worked on at the Bureau 
of Standards. The Bureau of Standards is also concerned with 
a third method, which is being done partly at the Bureau and 
partly at the Bell Telephone Laboratories, Inc., of New York 
City. 
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The result obtained by the National Physical Laboratory was: 

One international ohm (NPL) =* 1.00052 2 absolute ohms 

The result obtained by the Physikalisch-Technisehe Reich- 
sanstaltwas: 

One international ohm (PTR) = 1.00061 3 absolute ohms 

However, there was a comparison of standards between the 
Physikalisch-Teehnische Reichsanstalt and the National Physical 
Laboratory in 1914 which shows that: 

One international ohm (PTR) = 1.00003 international ohm 
(NPL) or a difference of three parts in 100,000. Hence 

One international ohm (PTR) = 1.00051 ^ 3 absolute ohms 

(PTR) 

= 1.00055 2 absolute ohms 

(NPL) 

The difference between the two absolute determinations is 
four parts in 100,000, which can be accounted for by the experi¬ 
mental errors in the determinations. 

Although the Bureau of Standards has not published any 
detailed description of its determinations, a preliminary result 
was announced by Curtis, Moon and Sparks at a meeting of the 
National Academy of Sciences in April, 1930. This result was: 

One international ohm (B.S.) « 1.00053 absolute ohms 

Although this result agrees very satisfactorily with those 
quoted above, which were obtained 15 years earlier in the 
national laboratories of England and Germany, it should be 
emphasized that the agreement may be partly accidental, be¬ 
cause it is not possible to determine, with an accuracy of one 
part in 100,000, the relations between the units of resistance now 
used by these laboratories and those used by them 15 years ago. 

Based on present information, a resistance unit can be estab¬ 
lished which will differ from the absolute ohm certainly by 
less than one part in 10,000, and probably by only a few parts in 
100,000. Before the 1933 meeting of the International Com¬ 
mittee, additional results may become available. It is to be 
hoped that sufficient data wiU be at hand so that some definite 
action can be taken at that time. 

W* B. Kouwenhovent The use of potentiometers and 
standardizing equipment by utilities companies is becoming 
common, and today many companies have one or more Weston 
Standard cells. They note that the e. m. f. of these cells varies 
from day to day. These variations are caused by unequal 
temperature changes, as pointed out by Mr. Eppley. Most of 
these company laboratories are not in a position to justify the 
expense of installing equipment to maintain their cells at a 
uniform temperature. I have found that a simple inexpensive 
and fairly satisfactory solution of the problem may be obtained 
by protecting the cells with heat insulating material. A two- 
inch layer of cork gives good results. 

G. Thompson t Mr. Stein’s very able paper on potentiometers 
draws merited attention to a measuring instrument which, with 
the Wheatstone bridge, ranks among the most precise measuring 
devices of any field of science. It is capable of making measure¬ 
ments with a precision better than one part in 10,000 using the 
most ordinary precautions, and with an amount of care equal 
to that given to precise instruments in other fields, will 3 deld 
results reliable to one part in 100,000, comparable to the pre¬ 
cision obtained with a good chronometer, theodolite or precision 
surveyor’s tape. Designed in the early days to make measure¬ 
ments of voltage of the order of one volt, the potentiometer is 
now being employed more and more for the precise measurement 
of voltages of the order of 0.1 and 0.01 part of a volt. For this 
latter class of measurements potentiometers having a resistance 
as high as 10,000 ohms per volt become unsuitable. 

It would be a mistake, however, to draw the conclusion from 
Mr. Stein’s paper that the high resistance potentiometer no 
longer has its place in voltage measurements or even that it is 
inherently less accurate and reliable than the low resistance types. 


When all the theoretical considerations have been advanced and 
weighed, the results obtained in actual practical operation over 
a long period of time remain the deciding factor. In our com¬ 
pany we have enjoyed daily experience, excepting Sundays, with 
both types of potentiometer for something over 20 years. Dur¬ 
ing that time the low resistance potentiometers have given 
excellent service; they are used with portable galvanometers as 
though they were indicating instruments. Yet all of them have 
shown gradual changes in the resistance of the slide wire due to 
wear from the sliding contact near the ends of the wire, necessi¬ 
tating finally a return to the maker for readjustment. On the 
other hand, the high resistance potentiometers have never been 
repaired or returned to the maker, while the initial accuracy 
has been retained. A check of one of the high resistance poten¬ 
tiometers made 18 years ago showed errors which, in readings 
involving the use of the first dial, amounted in no case to as much 
as 0.005 per cent. A recent check of this same potentiometer 
shows that this accuracy of reading has been maintained and, 
furthermore, that the resistances of the 1,000-ohm coils and of 
the 100-ohm coils differ from those of 18 years ago by less than 
0.007 per cent. It would appear, therefore, that 1,000-ohm 
coils may bo adjusted with at least the same precision and will 
remain at least as permanent, as coils of lower resistance. 

One of the inherent inaccuracies of the low resistance potenti¬ 
ometer with single dial and slide wire was due to the fact that the 
standard cell balance was obtained using the part of the potenti¬ 
ometer between the 5th and 15th coils of the main dial, whereas 
the unknown voltage was measured on the part beginning from 
the other end of the dial. This objection has been met in the 
arrangement used in the recent edition of this potentiometer, 
shown in Fig. 3 of Mr. Stein’s paper. Likewise, the current 
flowing through the potentiometer set for the 0.1 range could 
not be checked against the standard cell; it was necessary to 
return to the 1.0 range whenever the current was to be checked. 
This objection also has been overcome as shown in Pig. 3. In 
the new arrangement the reliability of readings obtained with 
the 0.1 and 0.01 ranges depends, of course, upon the maintained 
accuracy of the shunting resistances and of the additional resis¬ 
tances which must be introduced for the standard cell balance. 
In this respect, however, the new arrangement is in no way more 
susceptible to error than other multiple-range potentiometers 
or its predecessor. 

The choice of potentiometer to be used depends on the type 
of measurements to be made. For rapid measurements in work 
of an investigational character we find the single dial and slide 
wire type of potentiometer to be more suitable; the accuracy 
expected is of the order of 0.06 or 0.02 per cent. For calibra¬ 
tion work and for precision measurements the high resistance 
Peussner type has given excellent service. 

It has been found convenient to use dry cells as the source of 
current for both types of potentiometer. Mr. Stein’s curve of 
Pig. 4 shows the slow rate at which the current changes between 
the 14th and 30th hours after charging the storage cell which is 
the source of current, but the early part of the first 14 hoursi 
while gas is still escaping, is not so satisfactory. It has been our 
experience that an appreciable time must elapse after the cell 
has been charged before the current steadies down to the point 
where rechecking of the current needs to be made only at long 
intervals. Dry cells may be used with the low resistance type 
of potentiometer where the current required is 0.02 ampere since 
the effect of changes in room temperature talces place slowly, the 
discharge curve is practically horizontal for long periods of time, 
and rechecking of the battery current can be made with rapidity. 
The battery circuit is opened as soon as use of the potentiometer 
has been completed, and only a few minutes are required when 
the circuit again is closed until the current attains a stable value. 
With the high resistance potentiometer the draft of current is 
so small that the dry cells are left permanently connected in cir¬ 
cuit. In this way it is necessary to recheck current only at 
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intervals of an hour or so, and the cells need to be replaced at 
intervals of several months. The dry cells represent a saving 
both in testing time and in battery expense. 

Mr. Stein makes frequent reference to an apparent disadvan¬ 
tage in speed of galvanometer operation with the high resistance 
potentiometer as contrasted with the low resistance type. 
Reference to the catalog of his company shows that a galva¬ 
nometer of a satisfactory type, having a period of six seconds, can 
be obtained with a 10-ohm coil or with a 500-ohm coil. In the 
case of the former, the published sensitivity is 0.1 microvolt per 
millimeter measured at the galvanometer terminals, while the 
recommended external damping resistance is 50 ohms. As he 
shows in Appendix III, the usual low resistance potentiometer 
introduces a resistance of only 25 ohms into the galvanometer 
circuit so that this particular galvanometer would be somewhat 
overdamped when used with such a potentiometer. On the 
other hand, the galvanometer with the 500-ohm coil has a recom¬ 
mended external damping resistance of 10,000 ohms; in conse¬ 
quence, the high resistance potentiometer mentioned by Mr. 
Stein as introducing a resistance of 5,000 ohms in the galvanom¬ 
eter circuit would likewise give the same degree of overdamp¬ 
ing. The published volt sensitivity of this galvanometer, how¬ 
ever, is 0.25 microvolt measured at the galvanometer terminals. 
There is no choice therefore between the two methods as to 
speed of operation and the sensitivity of both galvanometers is 
adequate where the voltage to be measured is of the order of at 
least 50,000 microvolts. This agrees with our general experience. 
As a matter of fact, work is retarded more by having the galva¬ 
nometer slightly underdamped than when it is appreciably over¬ 
damped. A certain amount of time is required to adjust the 
potentiometer dials to a new setting and with a galvanometer 
having a period of the order of six seconds no time is lost if the 
galvanometer is somewhat overdamped. 

Mr. Stein’s theoretical contentions concerning volt boxes are 
correct. Practically, however, it is not feasible to use a volt box 
with as little as 10 ohms per volt for the measurement of voltages 
of the order of 100 volts, on account of the high power loss with 
resultant uncertainties of resistances in the volt box. If 20 ohms 
per volt be permissible then a suitable galvanometer, used with a 
low resistance potentiometer having a total battery circuit 
resistance of 100 ohms, is reduced in sensitivity to one-half the 
value obtained when the volt box is not used. On the other 
hand, the high resistance type of volt box does not ordinarily 
have more than 1,000 ohms per volt, so that when a potenti¬ 
ometer is used in which the total battery circuit resistance is 
20,000 ohms, the use of the high resistance volt box reduces the 
galvanometer sensitivity by only one-sixth of the value enjoyed 
when the potentiometer was used without a volt box. Perhaps a 
more correct statement of the situation would be, therefore, that 
a high resistance volt box with consequent avoidance of heat 
errors can be used with a high resistance potentiometer without 
the loss in sensitivity that takes place when a volt box is used 
with a low resistance potentiometer. 

There is no question that low resistance potentiometers are 
essential in modern industry. It is doubtful, however, if they can 
take the place of the high resistance potentiometer as an instru¬ 
ment of precision. In order to avoid the use of a slide wire which 
is subject to wear and sometimes to difficulties of operation, the 
desirable 4 and 5 dials of fixed resistance units must be secured 
by means of shunt circuits of some sort, often with numerous 
compensating units. These call for coils of odd values of ohms 
which can hardly be measured with the precision possible with 
decimal value coils although the accuracy of the potentiometer is 
equally dependent upon the adjusted and maintained accuracy of 
these coils. 

The suitability of low resistance potentiometers for the 
measurement of thermocouple e.m.f. needs little argument. 
Viewed as a practical consideration, however, it is doubtful if a 
temperature difference as small as O.ciOl cent, should be measured 


with a single thermocouple and a low resistance potentioino t.r, 
when an accurate determination of such a tenaperat.uro diuoronee 
with a resistance thermometer can be carried out so uiuc nic^ro 
comfortably. 

Marlon Eppley: I think Mr. Stein has overestimated the 
difficulty of making l.OOO-ohm coils that are constant to U.Ol 
per cent and has underestimated the difficulty ol rnaking Jawei 
valued coils of the same constancy. To illustrate this 
have known **sealed” one ohm coils, coils so oncJosod fis to 
be protected against humidity changes, action of oil, oie., to vary 
by more than 0.02 per cent and, on the other hand, iiistruni(u)l.s 
which I have checked, having many l,000-o3mi coils, havo re¬ 
mained constant to 0.01 per cent, even though the coils wore of 
the ordinary unenclosed type. With resistances higher in value 
than 1,000 ohms it is a different story. 

I have used both high resistance and low resistance ])oteiitiom- 
eters and the advantages and disadvantages of both types sc„iom 
to be very evenly balanced. 

I am glad that the points having to do with galvaiiome<»er 
damping, and especially that example dealing with tho rtjading 
of shunts on page 1307, second column, have boon made luoro 
clear by the author’s verbal explanation. It should bo stre^ssed 
constantly that galvanometer characteristics must bo suitiod to 
the circuit and that a galvanometer giving tlie desired rosulirS 
with a low resistance network will not do the same in a network 
of high resistance. However, largely duo to Mr. Stein’s oiTorts, 
galvanometers of individual characteristics suitable to a wide 
range of circuits are no longer special instruments, but arci stock 
patterns. Whether the circuit be of high resistance or of low 
resistance, galvanometer damping cannot be ignored. It is 
only fair to say that galvanometers with high critical daini)3ng 
resistances and adequate sensitivity are apt to have slightly 
longer periods than those of low critical damping resistance. 

One point with reference to galvanometer damping has not 
been touched upon. This is the difficulty in thermocouple 
potentiometers of having the galvanometer critically dumpcid 
when in the low resistance potentiometer circuit proper and also 
when across the standard cell coil which must be in tlio Tiatiirc of 
things of a much higher resistance than that of ibe i>ot©iitiomel.or 
circuit proper. Either a shunt on the galvanometer, if it bus a 
critical damping resistance suited to the thermocouple circuit, 
or series resistance, if the critical damping resistance is suited to 
the standard cell coil, must be provided for use in one or the other 
circuit. It is preferable to have the critical damping resistance 
a little higher than the effective resistance of the potemt-iomoter 
circuit plus that of the thermocouple, making up the differenco 
with a resistance free from parasitic e.m.fs. Then a shunt on 
the galvanometer can be used when connected across tho standard 
cell coU without too greatly lowering the galvanometer sensitivity. 

On page 1307 at the end of tho first paragraph, in speaking of 
the calibration of the shde wire potentiometer, it is said that “If 
the comparative values of the main resistors are known to 0.01 
per cent, the uniformity of the slide wire may be determined with 
this same precision.” It should be noted that the unitemity of 
the slide wire is checked only at the 13 points given by this set-up. 
This check cannot tell what is between the points tested. It 
should be emphasized, however, that in practise slide wires can 
be made extremely uniform. On the other hand, the dial instru¬ 
ment can be checked at every point. 

On page 1305, last paragraph, notice is taken of tho “zero drop” 
in the Feussner potentiometer. This is constant if tho switches 
are properly made. As stated, it is not proportional. In two 
German instruments of the highest grade which, were examined, 
the zero drop in each instrument had an average value of 0.8 
microvolts with wide variations as the switches were shifted off 
zero and back again. It has been reduced to 0.5 microvolt in 
certain other instruments with which I am familiar and is 
practically constant. It is thus less than 0.1 of one stud on the 
last dial. It would appear from an investigation of this circuit 
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which. I have just made that the zero drop can be reduced to 
approximately 1/3 of 0.6 microvolts. If this is so, it will be 
possible to reduce the resistance of the circuit to 1,000 ohms per 
volt for use where such a reduction is advantageous. Such a 
reduction would cause the zero drop to rise to say 2 microvolts as 
indicated by Mr. Stein, but still this would cause an error of only 
0.2 of one stud on the last dial. 

The White potentiometer is made in two ranges—*‘10,000 
microvolts” and “100,000 microvolts.” This rating is somewhat 
ambiguous, for in either ease the instrument has only four dials. 
The precision based upon a full scale reading is the same in 
either instrument, i, e., 0.1 of the last dial, gained by galvanometer 
deflection. Stated as it is, it might seem that the 100,000 micro¬ 
volt instrument would read to six significant places and, there¬ 
fore, have the greater precision. This is not so. Both instru¬ 
ments cover only five significant places and one starts one place 
higher and ends one place higher than the other. 

N* £• Bonn: It is very gratifying to note that the potentiom¬ 
eter is at present attracting considerable attention in the techni¬ 
cal press. Only two months ago Eppley and Gray^ published a 
paper describing a new American edition of the Feussner 
potentiometer. 

While the present paper touches upon a large number of topics 
pertaining to potentiometer design, two features are given 
especial prominence. One of these is a discussion of the superior¬ 
ity of the low resistance potentiometer over instruments having 
a high internal resistance; the other is the new modification of the 
White potentiometer shown in Pig. 6. 

The advantages of the low resistance potentiometer in afford¬ 
ing greater sensitivity are of real importance only in measuring 
e.m.fs. of less than 0.1 volt. For higher voltages or in oases 
where the source has a high internal resistance, these advantages 
largely disappear, and the choice of an instrument must be based 
on other and more important considerations. 

In the section under “Galvanometer Considerations” a case is 
cited involving the measurement of 0.3 volt. It is pointed out 
that a particular low resistance galvanometer, when used in 
conjunction with a certain low resistance potentiometer, exhibits 
good sensitivity and damping, but if the same galvanometer were 
used with a high resistance potentiometer the results would not 
be satisfactory. This statement is unquestionably correct, but 
is by no means a valid argument against the high resistance 
potentiometer. No one familiar with the fundamentals of 
electrical measurements will even attempt to use a galvanom¬ 
eter of such low resistance with a high resistance potentiometer. 
The argument could easily be reversed by assuming the avail¬ 
ability of a suitable high resistance galvanometer, and in such an 
event greater sensitivity can be obtained with the high resistance 
potentiometer than would be the case if a low resistance potenti¬ 
ometer were used. As a matter of fact, one does not select a 
potentiometer to suit a given galvanometer, but vice versa. 
The cost, period, and convenience of a galvanometer are in no 
way dependent upon its internal resistance and critical damping. 
Simple and convenient galvanometers are available that are 
admirably suited to high resistance circuits. 

In calculating the maximum errors that may arise from the 
manipulation of dial switches, Mr. Stein makes the assumption 
that compensation will always remain accurate to 0.01 per cent. 
In other words, a nine-ohm coil initially adjusted to equality 
with a group of nine one-ohm coils may be relied upon to main¬ 
tain that equality to within 0.01 per cent over extended periods 
of time. Such an assumption does not appear to be warranted 
in the light of every day experience. Even granting Mr. Stein’s 
own contention that low resistance coils can maintain their 
adjustment to =*= 0.01 per cent, it may well happen that the 
changes in the coils will be of opposite sign, particularly since the 
nine-ohm coil must be geometrically different from the one-ohm 
coils. Under such conditions the maximxun error from com- 
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pensation must be assumed to be 0.02 per cent. If this is done, 
the total error from dial manipulation exceeds one step of the 
fifth dial for the higher range, Mr. Stein’s statement to the con¬ 
trary notwithstanding. 

Another important consideration is the question of zero shift. 
In discussing the Feussner potentiometer, Mr. Stein duly points 
out that this instrument has an inherent false zero, yet he fails to 
mention the fact that the same is true of his favorite arrangement 
of Fig. 6. When all dials are set on zero, there are present in 
this circuit two presumably equal and opposite electromotive 
forces. One of these is due to coil Z of the upper potentiometer 
carrying a current of 0.01 ampere; the other is present in the coils 
of the lower potentiometer carrying a current of 0.001 ampere. 
Now assume that the resistance of coil Z will have increased to 
the extent of only 0.01 per cent in the course of time and that 
the resistance of the lower potentiometer coils will at the same 
time have decreased by the same relative amount. Since each 
of the two opposing e.m.fs. amounts to 2467.5 microvolts, the 
zero shift from this source alone may amount to 0.5 microvolts, 
and this equals five full steps on the last dial for the low range. 
The situation is still further aggravated if one takes into con¬ 
sideration that the standard cell coils of the two potentiometers 
may also change in opposite directions, one being of the order of 
100 ohms, while the other has a value exceeding 1,000 ohms. 
In such an eventuality (and this is entirely within the realm 
of probability) the zero shift error may well exceed one full step 
of the fourth dial (dial V) of the low range. 

In view of such relatively large possible errors, there would 
appear no justification for the use of two batteries and six dial 
switches. Better results may be obtained with a single battery 
and five dial switches, particularly with the Wenner circuit 
shown in Fig. 6. 

Marion Eppley: Dr. Brooks has described his potentiometer 
in detail and I am of the opinion that when this is made available 
it will mark a great stride forward not only in the accuracy of 
measuring electromotive forces, but also in ease and speed. 

I am heartily in accord with the method of maintaining 
unsaturated cells mentioned by Dr. Brooks. 

Bubbles, if they form, can be removed not only by heating 
the amalgam side as described by Dr. Brooks, but also by tapping 
the amalgam limb. This is so much a knack that I hesitate to 
try to describe it. Cells treated by either method are quite 
uninjured, but should be given a period of rest. 

I* Melville Stein: Referring to Dr. Robinson’s comments, 
the value of parasitic e.m.f. given for dial switches is intended to 
be a safe maximum value, as are also the values given for well- 
designed slidewire contacts. Usually the parasitic e.m.fs. will 
be lower, but probably it is not safe to assume lower values. In 
this connection, it should be borne in mind that usually there is 
only a single slidewire contact in the circuit, whereas the usual 
number of switch contacts varies from five to ten or more. I 
agree fully with Dr. Robinson’s comments referring to high- and 
low-resistance potentiometers. However, I cannot agree with 
his comments pertaining to galvanometer requirements. This 
will be clear from my later remarks in answer to other discussions 
of the paper. 

I agree fully with Dr. Robinson that the well appreciated 
advantages of the 20,000-ohm potentiometer can be realized in 
dial type potentiometers of much lower resistance, but in design¬ 
ing for lower resistance, numerous precautions must be taken, 
as I have tried to indicate in the paper. 

Referring to Dr. Brooks* discussion, I should like to add the 
following comments: While it is true that relative stability is 
the most important point in the resistance coils of a potentiom¬ 
eter, this consideration does not help the situation appreciably 
if the design requires coils of vridely different values, some of 
them being as high as 1,000 or 10,000 ohms. This is particularly 
important when the effect of atmospheric humidity on relatively 
high resistance coils of substantially different values is considered. 
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In referring to the use of a false zero setting of the galva¬ 
nometer, I did not intend to place emphasis on any particular 
means for obtaining a false zero. I quite agree with Dr. Brooks 
that electrical means for establishing the false zero are frequently 
more convenient than mechanical means. 

Referring to Mr. Thompson’s remarks, I had no intention of 
indicating that a high-resistance potentiometer is useless. What 
I attempted to point out is that the high-resistance potentiom¬ 
eter is always susceptible to more sources of error than a well- 
designed low-resistance potentiometer, and, for certain classes 
of measurements, the high-resistance potentiometer cannot be 
used at all. On the other hand, the low-resistance potentiometer 
is equally as good or better for making measurements of the 
class that can be made with a high-resistance potentiometer. 

I believe that Mr. Thompson has entirely misunderstood some 
of my statements referring to low-resistance potentiometers. He 
seems to have assumed that all low-resistance potentiometers are 
of the slidewire type, and this is distinctly not the case, as will 
be seen from the illustrations and statements in the paper. How¬ 
ever, his remarks bearing on the relative performance of high- 
resistance potentiometers and low-resistance potentiometers of 
the slidewire type deserve some comment. He makes it clear 
that the changes he has observed in slidewire potentiometers 
are due to wear on the slidewire. In a properly designed slide- 
wire potentiometer, such wear occurs only when the instructions 
to clean and lubricate the slidewire, occasionally, are not followed. 
Repeated tests, involving as many as 500,000 movements of the 
contact along the slidewire, show that, within the accuracy of 
reading the slidewire setting, there is no change of resistance of 
the slidewire if the wire is reasonably clean and lubricated. 
Mr. Thompson’s remarks referring to the constancy of high- 
resistance potentiometers are not clear for several reasons. No 
information is given pertaining to the atmospheric humidity at 
the time the measurements were made. Also no information is 
given as to the number of years that the coils had aged before 
the first measurements were made; in other words, the stability 
during the first two or three years after the potentiometer has 
been built is at least as important as the stability from, say, the 
3rd to the 21st year, 

Mr. Thompson refers to an inherent inaccuracy in a particular 
form of low-resistance potentiometer, due to the point on the 
potentiometer resistance at which the standard ceil connection 
is made. He then states that the inaccuracy has been eliminated 
in a more recent design of the same instrument. Obviously, 
therefore, if there were any error due to this cause, it certainly 
would not be an inherent one. This improvement in the later 
design is theoretical rather than real because all of the potenti¬ 
ometer coils are low in value and are identical in construction. 

Referring to Mr. Thompson’s comments on the constancy of 
potentiometer batteries, it is well known that a storage battery 
should not be used for precise measurements with a potenti¬ 
ometer immediately after the battery is taken off charge. If, 
however, the user takes the battery off charge and connects it 
to the potentiometer when he leaves the laboratory, say, at 
6 o’clock in the evening, the first 14 hours of discharge will have 
occurred by 8 o’clock in the morning when he returns to the 
laboratory. A 60-ampere-hour storage cell, which can be pur¬ 
chased for about *6.00, when used with a potentiometer drawing 
0.02 ampere, will require charging only once every two or three 
weeks to keep it in good condition for the most precise work with 
a potentiometer. 

Referring to Mr. Thompson’s remarks on galvanometers, there 
is no difficulty at all in obtaining a very satisfactory galvanometer 
for use with a high-resistance potentiometer in making measure¬ 
ments at relatively high values of e.m.f. On the other hand, 
when it is necessary to measure very low values of e.m.f., there 
are no galvanometers of any make or type available that would 


permit the use of a high-resistance potentiometer. It is in the 
intermediate range of e.m.f. where the high-resistance potentiom¬ 
eter may still be used, but is handicapped by lack of sensitivity, 
that its use involves working with a galvanometer having 
characteristics poorer than those of a galvanometer that could 
be used with a low-resistance potentiometer for making the same 
measurements. To make clear the difficulties involved in 
proper damping of the galvanometer when working with a high- 
resistance potentiometer, it is necessary only to consider 
specifically the performance of the galvanometer which Mr. 
Thompson has mentioned as being satisfactory for use with the 
high-resistance potentiometer. It is logical to assume that this 
galvanometer has sufficient sensitivity for the measurements that 
are to be made with the high-resistance potentiometer and that 
it has this sensitivity with its proper external damping resistance 
in series. As Mr. Thompson has indicated, the proper external 
damping resistance is 10,000 ohms. With the high-resistance 
potentiometer, 6,000 of this 10,000 ohms is in the potentiometer, 
and by manipulation of the potentiometer dials, may be reduced 
to almost zero, thus producing a very large change in the effective 
damping resistance. If a low-resistance potentiometer were 
used, the 10,000-ohm damping resistance could be a 10,000-ohm 
fixed resistance coil in series with the galvanometer and the 
damping resistance would be altered by not more than 12.5 
ohms in 10,000 due to manipulation of the potentiometer; in 
other words, when working with the high-resistance potentiom¬ 
eter, the damping resistance may vary as much as 5,000 ohms 
in 10,000, whereas when working with the low-resistance 
potentiometer, the damping resistance will not vary any more 
than 12.5 ohms in 10,000. It should bo obvious from these 
figures that the damping problem, when working with the low- 
resistance potentiometer, is very much simplified; in this particu¬ 
lar instance, practically eliminated. 

I do not believe that Mr. Thompson will find many who will 
agree with him that it is better to work with a galvanometer , 
slightly overdamped rather than slightly underdamped. It 
has been my own experience, and the experience of all those 
with whom I have discussed the matter, that it is more convenient 
to work with a galvanometer slightly underdamped. 

Referring to volt boxes, I agree with Mr. Thompson that it is 
not practical to use a very low resistance in the volt box, and I 
indicated in the paper that it was desirable to make the total 
resistance of the volt box several hundred ohms per volt. The 
point which I attempted to make, and which, apparently, 
Mr. Thompson has misunderstood, is that for the same sensitivity^ 
when working with a low-resistance potentiometer, it is possible 
to use higher resistance in the volt box than may be used when 
working with a high-resistance potentiometer. Mr. Thompson’s 
argument in connection with the reduction in sensitivity caused 
by the insertion of the volt box is equivalent to saying that if the 
sensitivity is already very poor because of the high resistance in 
the potentiometer, it cannot be made much worse because of the 
resistance added by the volt box. 

Referring to Mr. Thompson’s comments on the relative 
accuracies of high- and low-resistance potentiometers, I think it 
best to refer to Appendix II, which gives concrete values for the 
errors to be expected in low-resistance potentiometers of good 
design. As to the relative merits of resistance thermometers 
and thermocouples for measuring temperature, it is impossible 
to construct a satisfactory resistance thermometer which would 
be small enough to make some of the temperature measurements 
which can be made with single junction thermocouples. 

Referring to Dr. Eppley’s remarks, I should say first that the 
statements in the paper pertaining to the relative stability of 
high-resistance and low-resistance coils are not estimates, as 
Dr. Eppley has indicated, but are based on actual observations 
on over 1,000 coils measured in connection with research work 
on the stability of resistance coils and on careful measurements 
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on many thousands of resistance coils in regular production. 
However, to further support the statement made, I quote below 
from Circular No. 21 of the Bureau of Standards: 

A few words may be said regarding the relative advantages of high- and 
low-resistance potentiometers. The chief advantage of the low resistance 
is in sensitivity, which increases as the resistance is reduced. In the low 
resistance instrument, the effect of poor insulation and possible leakage 
between parts is less important than in the case of high resistance. The 
change of the resistances with time and their variation with atmospheric 
humidity are also less in the case of low resistances. 

I must disclaim most of the credit which Dr. Eppley very 
generously accords me in connection with galvanometer design. 
If any credit is due, it should go to the .organization, of which 
I am but a small part. 

Referring to Mr. Bonn’s comments, I agree with him that in 
measurements that do not require high sensitivity, the high- 
resistance potentiometer may be used, but at some sacrifice in 
accuracy, as I have already indicated. 

In commenting on the part of the paper having to do with 
‘^Galvanometer Considerations,” Mr. Bonn bases his remarks 
upon a misinterpretation of what is stated in the paper. He 
apparently has confined his attention to certain introductory 
remarks, and has ignored the main point, which is that, even if 
the particular form of galvanometer were rewound to better 
adapt it to working in a high-resistance circuit and provided 
proper damping were taken into consideration, the required 
sensitivity would be impossible to obtain. Mr. Bonn’s remarks 
relative to reversing the argument, by assuming the availability 
of a suitable high-resistance galvanometer, are clearly inaccurate. 
If the galvanometer has sufficient sensitivity for use with a 
high-resistance potentiometer, it will necessarily have sufficient 
sensitivity for use with a low-resistance potentiometer, and, id 
addition, the damping characteristics will be superior when used 
with the low-resistance potentiometer, as has been indicated 
.above in responding to Mr. Thompson’s discussion. Mr. Bonn 
is also in error in stating that one does not select a potentiometer 
to suit a given galvanometer, but rather does the reverse. It 
is true that in many cases where the designs of potentiometers 
and galvanometers have been carefully worked out for a particu¬ 
lar purpose and the conditions are such as to permit some 
latitude in the choice of the galvanometer, the user may select 
the potentiometer first and the galvainometer afterward. How¬ 
ever, in measurements that require either very high sensitivity 
or very high speed in making measurements, first attention must 
be given to the availability of a suitable galvanometer, and hav¬ 
ing available the proper galvanometer, a potentiometer must be 
chosen so as to retain, not destroy, the essential characteristics 
of the galvanometer. This point has been emphasized by Dr. 
Brooks in his discussion of the paper. I must disagree also with 
Mr. Bonn’s further comments relative to cost, period, and con¬ 
venience of galvanometers. Space is not available to make a 


complete answer, but most of what I should want to say in 
response to these comments will be found in the paper and in 
the discussion above. 

Referring to the potentiometer shown in Fig. 6 of the paper, 
the assumptions which Mr. Bonn makes in discussing the error 
resulting from inaccuracy in the compensating coils are his own 
and do not agree with the statement in the paper which is as 
follows: “The final assumption is that the compensating coils 
k are adjusted to cause no error greater than 0.01 per cent in 
dials I and II and no error greater than 0.1 per cent in dials 
III and IV, ” This assumption, as stated in the paper, is justified 
by the low value of the coils in question, combined with proper 
design for use in a very precise potentiometer. Every day 
experience, even if correctly interpreted, can hardly be taken as 
a guide in considering the performance of an instrument designed 
especially for extremely precise work, as few can claim every day 
experience with instruments of that character. There is no 
justification for doubling the error indicated in the paper, as 
Mr. Bonn has attempted to do. 

The false zero, even if it existed in the potentiometer shown 
in Pig. 6 of the paper, would not be an inherent one, as Mr. Bonn 
has indicated. The assumptions which Mr. Bonn makes relative 
to resistance changes, which would cause a false zero, are unwar¬ 
ranted, but, even if they were proper assumptions, his conclusions 
would still be wrong. As I have indicated in the paper and 
as Dr. Brooks has clearly brought out in the discussion, when 
using a potentiometer to make precise measurements of very 
low values of e.m.f., it is usually necessary to work with a false 
zero in order to compensate for parasitic e.m.fs. in the circuit. 
The false zero adjustment would take care of any error resulting 
from minute changes in the resistance of the coils in question. 
It would be ridiculous to assume that the resistance coil errors 
were less stable than the parasitic e.m.f. in the circuit, resulting 
from extraneous causes. In any precise low-voltage potenti¬ 
ometer, the stability of the standard cell coils needs unusual 
attention. In the potentiometer circuit shown in Fig. 6 of the 
paper, the standard cell coil in the “upper” potentiometer needs 
to be more stable than the one in the “lower” potentiometer 
because relatively low accuracy is required in the “lower” 
potentiometer circuit. Accordingly, it is appropriate to use a 
higher value for the standard cell resistance coil in the “lower” 
potentiometer circuit. However, should any question arise 
about the stability of either standard cell coil, it would be a 
simple matter, beeaiise only two coils are involved, to make these 
coils of the sealed type as developed at the Bureau of Standards. 

I must disclaim any favoritism toward the potentiometer 
circuit shown in Fig. 6 of the paper. It was described in more 
detail than the others because it had not been described before. 
The Wenner circuit, which has not been described before, is to 
be described in detail in a separate paper which is to be published 
at an early date. This was stated in the paper. 
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Synopsis.—In recent years there have been many advancements 
made in the art of analysis of three-phase synchronous machine 
operation. Most treatments to date have very properly stressed 
the theoretical point of view^ the practical point of view receiving less 
attention due in part to the complications involved, particularly 
those due to saturation effects. In this paper the practical stand¬ 
point is stressed and discussed on the basis of observations made 
from many tests; an important feature of these tests is that saturation 
effects under short circuit were studied by applying short circuits to 
machines operating at rated voltage. 

Due to serious saturation effects, the so-called constants of syn¬ 
chronous machines may have different values under different 


conditions. What are considered to he the most important of these 
values are discussed, and by defining certain saturated and other 
values, an attempt is maUe to provide a definite basis for the specifi¬ 
cation of machine constants. 

Part I reviews certain basic concepts and discusses practical 
consideraiions of test methods. Part II describes methods of 
determining the more important constards by test. Part IIP illus¬ 
trates the application of these methods to actual power machinery, 
and presents tabulated test results as well as a table of typical con¬ 
stants. The Appendixes are devoted to certain additional tests and 
conclusions, and to development of formulas, 

Hi * 


Introduction 

HE importance of the analysis of ssmchronous 
machine operation is well evidenced by the con¬ 
siderable literature on this subject, representing 
definite steps in l^e advancement of the art. Briefly, 
the major steps in this advanc^nent are as follows: 
The two-reaction theory was introduced by A. Blondd,* 
and the method of ssunmetrical components by C. L. 
Fortescue.* An extension of Blondel's two-reaction 
theory for transient conditions was recognized and 
adopted by C. F. Wagner and R. D. Evans,® for sta¬ 
bility studies; this has been developed and amplified by 
R. E. Doherty and C. A. NicHe and their associates.*’® 
The novelty of the method of analysis of synchronous 
machine operation under various conditions lies in the 
fact that the machine is characterized by a considerable 
number of constants—^reactances, time constants, and 
resistances. At present there is no accepted set of 
definitionsf which standardize the meanings of these 
constants. It is the purpose of this paper to discuss 
three-phase synchronous machine constants from the 
practical standpoint, to describe methods for their 
determination from tests, and to describe the applica¬ 
tion of these methods in the form of extensive tests 
made on those types of machines formd in a power 

»’'Central Station Engineer, Westinghouse Elec. & Mfg. Co., 
East Pittsbiu^h, Pa. 

1. For numbered references, see BibUograpby. 
fA subcommittee on “Definitions of Terms used in Stability 
Studies,” under the chairmanship of Prof. G. Dahl, has in 
preparation a report which gives definitions as well as descriptions 
of test methods of synchronous machine constants. Because of 
space limitations, precise definitions are omitted here; however. 
Prof. Dahl’s committee report will be presented at the Winter 
Convention, N. Y., January 25-29,1932. 

Pretented at the Summer Convention of the A. I. E. E., Asheville, 
N. C., June S2-S6,1931. 


system. The calculation of machine constants by 
design formidas is treated in a companion paper by 
L. A. Kilgore.® 

A major step in the development of machine theory 
has been the recognition and analysis of the effects of 
additional rotor circuits such as damper bars (amor- 
tisseurs), solid iron paths, etc. Certain machines are 
characterized by certain additional rotor circuits; 
further, the more important synchronous machines are 
those found in three-phase power systems. Accord¬ 
ingly, the machines discussed are those three-phase 
s 3 mchronous machines fallmg under the following 
convenient classification. 

1. Turbine generators 

This refers to the common non-saJiait pole 
turbine generator with solid-iron rotor. 

2. Salient-pole machines with dampers 

This refers to the various salient-pole machines 
equipped with damper windings (amortisseurs, 
etc., or their equivalent) and includes synchro¬ 
nous condensers and motors. 

3. Salient-pole machines without dampers 

This refers to salient-pole laminated-rotor 
machines which have no rotor circuits other than 
the field winding. If a machine of this general 
type has additional rotor circuits such as short- 
circuiting pole collars, rivets, etc., it should be 
classified dther under (2) or (3) according as the 
effect of tiiese circuits is significant or insignif¬ 
icant. 

Part I of this paper discusses practical considerations 
involved, and reviews certain basic concepts. Part II 
describes test methods by which machine constants 
may be detamined. Part III illustrates the applica¬ 
tion of these methods to actual power machinery—such 
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as turbine g^erators, s 3 nachronous condenses, etc. 
I—^Fundamental Concepts and Practical 
Considerations 

Phase Sequence Currents in a Three-Phase 
Synchronous Machine 

The analysis of ssmchronous machines operating 
undOT balanced and unbalanced conditions may be 
considered as based on two fundamentals, the method 
of S3nnmetrical components, and Blondel’s two-reaction 
theory. 



A —Positive-Sequence Current 
B —^Negative-Sequence Current 
C—Zero-Sequence Current 


The application of tiie three sequence currents 
(rated-frequency) to a wye-connected machine is 
illustrated in Fig. 1. The set of three equal stator 
currents producing a flux wave which rotates at syn¬ 
chronous speed mtfe the rotor is thereby identified as 
positive phase sequence (or simply positive sequence), 
designated lai , hi , and Id in Fig. 1 a; the subscript (1) 
implies, conventioneilly, positive sequence. That set 
producing a flux wave rotating at synchronous speed 


in a direction opposite to that of the rotor is thereby 
identified as negative-sequence current, designated 
lai , let , and hi in Fig. iB, the subscript (2) impl 3 ring 
negative sequence. Zero-sequence current produces no 
net fundamental air-gap flux because the three currents 
are in time phase and the three phases are spaced 120 
elec. deg. apart; being in time phase (and equal) 
identifies them as zero-sequence currents, designated 
lao , Ibo , and Id , in Fig. Ic. Positive-, negative-, and 
zero-sequence currents may exist not only as funda¬ 
mental-frequency currents as above, but also as har¬ 
monics; for example, under balanced conditions all 
triple-harmonic currents are zero sequence. Unless 
otherwise qualified in this paper, rated frequency 
quantities are implied. 

Positive- and negative-sequence currents may, as far 
as their effect on the rotor is concerned, be replaced by 
a set of permanent magnets concentric with the rotor, 
alternately north and south poles, and equal in nmnber 
to the rotor poles. The equivalent effect on the rotor 
of negative-sequQice current is obtained by rotating 
the magnets at synchronous speed against the rotor 
direction. The equivalent effect of positive-sequence 
current is obtained by rotating the magnets at syn¬ 
chronous speed wilJi tiie rotor; the equivalent of a 
change in magnitude of positive-sequence current is to 
move the magnets radially toward or away from the 
rotor, keeping their angular velocity constant. 

Blondel’s two-reaction theory deals mainly with 
positive-sequence current. The flux wave produced 
by positive-sequence current is stationary with respect 
to the rotor, and if the relative position of flux wave 
and rotor is such that a marimum amount of this flux 
links the field winding, tending to magnetize or de¬ 
magnetize the rotor in the axis of the field poles, then 
that current is a direct-axis current and is affected by a 
direct-axis (positive-sequence) reactance. Positive-se¬ 
quence emrent which tends to magnetize or demagnet¬ 
ize the rotor in the interpolar axis, so there are no net 
flux interlinkages with the field winding, is a quadrature 
axis current and is affected by a quadrature-axis 
(positive-sequence) reactance. 

Another classification of positive-sequence currents, 
important for taansieut conditions, is according to 
whether armature current is suddenly or continuously 
applied. Neglect saturation for the moment and 
consider the three-phase short circuit from no load of a 
salient-pole machine whose only rotor circuit is the 
field winding. In terms of the equivalent magnets, 
the short circuit is equivalent to suddenly moving the 
magnets radially toward the rotor; fMs induces direct 
current in the field. This phenomenon may be ex¬ 
plained in terms of the theoran of constant flux inter¬ 
linkages.If the total field current were known, the 
actual armature current could be calculated as the 
ratio of (tiie no-load voltage corresponding to that 
field current), to (synchronous reactance). It is more 
convenient to account for the increase in rotor excita- 
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tion by a fictitious reactance such that the short-circuit 
current is the voltage previous to short circuit (at no 
load) divided by this fictitious reactance. For a 
machine whose only rotor circuit is the field winding, 
this is the transient reactance;' the presence of dampers 
causes greater short-circuit current, and the fictitious 
reactance is called the subtransient reactance, while 
transient reactance retains the same significance as 
before— i. e., it may be considered as that reactance 
which would determine the current if the only rotor 
circuit were the field winding. 

Machine Constants as Affected by Saturation 
AND Other Practical Considerations 

Of the factors affecting machine constants, saturation 
is one whose effect is quite serious and which must be 
accounted for definitely. For example, the subtran¬ 
sient reactance of a turbine generator may be 14.5 per 
cent for a dead short circuit (no external impedance) 
and 16.5 per cent when external impedance causes 
lower current and less saturation. Saturation effects 
are different for different constants and types of 
machines. In other words, machine constants are not 
truly constant. It is obviously impractical to use a 
different value of a constant for each condition of 
operation. However, there is one value of each con¬ 
stant which appears to be generally more important 
than any other. Accordingly, it is advocated that in 
general, only one value of each constant should be 
specified, and that only when absolutely necessary 
should two values be used, for operation at rated 
voltage, but one for high current or saturated conditions, 
and the other for rated current conditions. For 
example, unless otherwise qualified, the values of direct- 
axis transient and subtransient reactances and short- 
circuit time constants will be understood os those values 
effective for a dead three-phase short circuit, from rated 
voltage at no load, these being termed saturated values, 
for convenience.’" Unless otherwise qualified, the value 
of negative-sequence reactance will be understood as hat 
vcdue effective when negative-sequence fundamental current 
is circulated, the magnitude of the current being hat of he 
negative-sequence current obtaining in a Une-to-line short 
circuit from rated voltage at no load, this being termed the 
‘‘saturated’* value. The values of negative-sequence 
reactance and direct-axis transient and subtransient 
reactances and short-circuit time constants which are 
effective at rated current are termed “rated current” 
values but may be considered generally of secondary 
importance. Since saturation effects for zero-sequence 
currents in the range usually encountered are not large, 
it is sufficient to state that zero-sequence reactance will 

*In the case of qaadrature-tuds constants, the corresponding 
saturated values may, in order to make their test determination 
as practical as possible, be defined as those values effective -vrhen 
a machine is short-circuited from the slip test (described latex) 
while carrying quadrature-axis current equal to rated current. 


be understood as hat value effective when zero-sequence 
fundamental current equal to rated current is circulated, 
this being termed the rated current value. Unless 
otherwise qualified, values of direct and quadrature cuds 
synchronous reactances wiU be understood as he un¬ 
saturated values, since these have been defined and used 
for many years; when qualified as saturated values, 
they will be understood as those effective at rated load. 
The views expressed above should be interpreted as 
definite recommendations as to what value of each 
constant should ordinarily be specified. 

Machine constants are based on fundamental fre¬ 
quency components, and the sequence reactances 
(positive, negative, and zero sequence) are the ratios 
of fundamental reactive components of voltage to 
corre^onding circulated fundamental currents, (as 
advocated by Park and Robertson).* Harmonics may 
exist in current and voltage vra-ves, particularly under 
unbalanced conditions. It is impractical, in testing, 
to segregate fundamentals from harmonics; fortunately, 
however, voltages and currents associated with ma¬ 
chines found in power systems are such that r. m. s. 
values of the total waves and of the fundamental 
components may usually be taken equal, with small 
error. To illustrate this point, suppose a voltage or 
current being measured is made up of a fundamental 
and a third harmonic of 20 per cent the fundamental; 
now machine constants are based on fundamental 
components, and if the peak value of the wave were 
used in computing, say, a certain sequence reactance, 
the error might be 20 per cent; on the other hand, the 
r. m. s. value of the fundamental and the total wave are 
respecti-^y 1/V 2 and (l/V 2) V (1.00)' -h (0.20)* 
= (l/V 2) 1.0198, hence if the r. m. s. value of the 
total wave is taken as that of the fundamental com¬ 
ponent, the error is 0.0198 (per unit) or less th^ 2 per 
c^t. 

Resistance is a most important factor concerning 
time constants of machines. With the armature diort- 
circuited it is usually assumed that the time constant 
of the field circuit depends on the resistance of the 
field but not of the armature; similarly, it is usually 
assumed tiiat the time constant of the armature depends 
on the reastance of tiie armature but not of the field. 
Concerning the impedances to sequence currents, how¬ 
ever, resistances are usually unimportant, with the one 
exception of negative-sequence resistance which may 
be important due to the rotor loss associated with it. 
In tests with indicating instrument measurements, a 
wattmeter measuranent, in addition to that of voltage 
and current, will suffice to determine the importance of 
the resistance component of any sequence impedance. 
For simplicity, when an impedance is mainly reactance, 
no discrimination will be made between numerical 
values of impedance and reactance. For definiteness 
it is assumed that the resistances of field and armature 
circuits are the 76 deg. cent, values. 
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Fundamental Basis fob Transient Condition 
Analysis 

In transient condition analysis, voltage and current 
are conveniently divided into certain definite parts. 
For armature current, the first distinction to be made 
is that between symmetrical and assunmetrical com¬ 
ponents. The classification for armature voltage is the 



Fig. 2—Ttpic-^l Wave op Short-Circuit Current 


same as that for the symmetrical component of arma¬ 
ture current; this classification gives: 

1. A sustained component. 

2. A slowly-decaying (or changing) compon^t. 

3. A rapidly-decasdng (or changing) component. 
In certain cases, some components are zero; for instance, 
if a short circuit occurs at such an instant that the 




current wave is symmetrical, the asymmetrical 
ponent is zero. 

Consida-the current wave in Fig. 2 . Thesymmetri 
cal component is alternating current and is readil] 
determined by drawing two envelopes; half the distance 
between envelopes, at any instant, is the symmetrica 
component (envelope value). The asymmetrical com- 
^nrat, often called the d-c. component, is determined 
by drawing a mid-point curve; the distance from the 
line of zero current at any instant is the 
^^eM component. This component is in many 
mainly direct cuirent, but may include a laige 

St f ^ three-phase short 

suS^l dampers; in 

Slues a? t J 

^ues at the same instants that the symmetrical 
alternating current has positive and negative neak 

Fig 3 ^ ^ asymmetrical component as in 


corresponding to 1.00 pa* unit (or 100 per cent) im- 
p^ance and is equal to rated line-to-neutral voltage 
divided by rated line current. 

II—^Description of Test Methods 

Direct-Axis Reactances 

Sywhror^ Reactance X^. The standard A. I. E. E. 
definition is, in effect, as follows: Synchronous im¬ 
pedance is the ratio of (field current required to circulate 
rated current on sustained three-phase short circuit) to 
(the field current which would produce rated voltage 
at no load if there were no saturation); referring to 
Pig. 4a, Xd = a/h. Another way of defining Xa, one 
which the author has found results in a clearer con¬ 
ception of the meting of X* is: With a sustained 
three-phase short circuit, and the field current at any 
arbitrary value, Xd is (the air-gap line voltage corre¬ 
sponding to this field current) divided by (the sustained 
short-circuit emrent). Thus, from Fig. 4b, Xd = c/d. 
The methods in Pigs. 4a and 4b give the same result 
from the same data, giving the unsaturated value. 

The slip test® affords an alternative means of deter¬ 
mining Xd. With the field open, balanced three-phase 
voltage of about ^ rated value and rated frequency 
is applied; either tiie frequency of applied voltage or 
the rotor speed is adjusted to give a low value of slip— 
as evidenced by a very low frequency voltage across 
the field. Pig. 5 shows the general character of an 



Fig. 3—Asymmetrical Component op Current por a 
Salient-Pole Machine without Dampers 




or^nn^^^’ unnecessary to use only ner unit 

«Uier. ot the 

™>tage to w w ^ 

values are goierallv pmTti« per unit 

reactances ^ calculations of 

mini- 

divided by normal ohmJi^® firet computed, and this 


os^lo^ for this test. The sKp must be lower than 
indicat^, l^t induced rotor currents make Xd appear 
ow^th^itre^yis. When the rotor is magnetized 
in the direct axis, the generated field voltage is zero, 
and the ratio of applied voltage to current is X^. 

Transie^ and SuUransient Reactances Xd' and Xd" 
{S^raM Val^) Determined from Analysis of a Dead 
^ree-Phase Short C%rcmtfrom Rated Voltage at No Load. 

procedure, with pertinent detaUs, will be given for 
the determination of Xd' and X/ of any three-phase 
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synchronous machine, by analysis of an oscillogram of 
a dead three-phase short circuit from rated voltage at 
no load.* The machine is driven as a generator, at no 
load and rated voltage, and suddenly short-cireuited- 
The analysis of the oscillogram reproduced in fig. 6 
will be described. Two envelopes and the mid-point 
curve are drawn for the wave of each phase. Two 
factors are computed for each wave, one for the asym¬ 
metrical and one for the symmetrical component. 



Fio. 4 a—Stnchbonotis Rbaotangb 
Xd = a/5 (A. I* B. E. Dbf.) 



Pig. 4b—^Synchronous Rbaotancb 
Xi « c/d 


Note: If c and d are in yolts and amperes, and not per unit values, then 
c must be Une-to-neutral voltage 


The factor for the asymmetrical component, times the 
distance from the mid-point curve to the zero-current 
line, at any instant, converts this distance to per unit 
current; it equals (amperes per unit distance of deflec¬ 
tion) -5- (rated r. m. s. current). The factor for the 
symmetrical component, times the distance between 
envelopes (usually more conveniently measured than 

*If Ti' is detenuined from this test (it easily caa be), there 
should be no appreciable esctemal impe<Wce in the field oirccdt, 
such as field resistors, etc. The ideal condition would be to 
supply field current directly from an “infinite d-c. bus.” 


half the distance) converts this distance to per unit 
r. m. s. current; it equals 1/(2 V2) or 0.354 times the 
asymmetrical component factor. The asymmetrical 
components (per unit values) are plotted on semi-log 
paper (one scale logarithmic, one uniform) as in Fig. 7 a; 



In practise the slip should be much less than indicated above. If per 
unit system is not used, voltag;e must be line*to>neutral value in formulas 
below ’ 

Applied voltage 

-Lluo current posiaon 

Xg same for quadrature-axis position 





Fig. 6—^Typical Waves por Three-Phase Short Circuit 

extrapolation, as riiown by dotted lines, gives initial 
values of the asymmetrical component in each phase. 
The value of this component in any phase depends upon 
the particular instant of short circuit. The maximum 
possible value is obtained by the graphical method in 
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Fig. 7b; a, b, and e are laid off (uniform scale) along 
fiiree lines 60 deg. apart, the largest value along the 
middle line; perpen^culars are drawn to each line, 
through d, 6, and c and the point where these three 
perpendiculars meet determines point M. Then the 
maximum possible asymmetrical component has an 
initial value 0 M. This method applies to all machines 
having short-circuit current whose symmetrical com¬ 
ponent is a sine wave. 


accurately. Most machines have, on three-phase 
short circuit, a wave of symmetrical current which can 
be taken as sinusoidal, hence the initial current 
I" = 0.707 times the initial value of the maxim um 
possible asymmetrical component OM. X/ is then 
the ratio of voltage before ^ort circuit (rated voltage, 
hence = 1.0) to 7". See Pig. 8. The point det^mined 
by I" may now be joined to the curve by a (dotted) 
smooth curve. 



TIME 


Fro. 7a— Seui-Log Plot op Astmubtbical Components op 
Waves in Pig. 6 



Pig. 7b—^Determination op the Maximum Possible 
Instantaneous Value (O M) op the Astmmbtbical Com¬ 
ponent, PROM THE Actual Instantaneous Values in Pig. 7a 

The average of the per unit r. m. s. values of the sym¬ 
metric^ components is plotted in Fig. 8. (Errora are 
minimized by taking this average.) Sincebothenvelopes 
caimot be drawn before one-half cycle after the short 
circuit, there is no measured average before this time. 
Subtransient reactance depends on the initial (zero 
time) current hence the latter must be determined 


Xd' is the ratio of voltage to currait, the latter being 
the initial symmetrical value neglecting the initial 
rapidly decaying portion. That is, in Pig. 9a, the dif¬ 
ference A i' is replotted on semi-log paper in Pig. 9b; 
extrapolation gives (A i')o> which is then replotted in 
Pig. 9a. The initial transient current I' = (AiOo 
+ sustained current I, and Xd' is computed as the 
voltage before short circuit 4 - 1'.- 
SubtraTisient Reactance Xd" from Locked lAne-to-IAne 
Test. This affords an alternative method for measuring 
Xd". See Pig. 10. This is not practicable for deter¬ 
mining the saturated value for turbine generators; for 
salient-pole machines with dampers, however, the value 



Pig. 8—^Determination op Subtransibnt Reactance from 
Three-Phase Short Circuit at Rated Voltage No Load 


measured at rated current is very nearly the saturated 
value of Xd". 

For eith^ wye or delta machines, single-phase voltage 
is applied between any two line leads, with the field 
winding short-circuited on itself and the rotor at stand- 
With about rated current circulating (rotor 
heaiting should be watched, with turbine generators), 
rea^gs of voltage and field current are taken for 
various rotor positions, over a pole pitch. Two rotor 
positions are determined, one for a maximum value of 
the ratio of field current to applied voltage, called the 
direct-axis position, and the otho* for a minim uTn value, 
called the quadrature-axis position. With the rotor in 
the direct-axis position and rated current fiowing, 
^d" — 1/2 the ratio of applied voltage to line current. 

Tran^t Reactance Xd' {Low Current Vcdue) from 
Locked. lAne-to-Line Tests. Only for machines without 
additional rotor circuits—hence only for salient-pole 
machines without dampers—does this test measure 
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Xi'. Made at low currents, it gives the unsaturated 
value which, when multiplied by the empirical factor 
0.88 (See Appendix VIII) gives, approximately, the 
saturated value. Made at high currents, the saturated 
value may not result, because saturated conditions are 
caused by both armature current and field excitation, 
and the latter is not present in this test. 

Transient Reactance X/ by an Indirect Method. It 
has been shown that® 



Pig. 9a—Transient Reactance 



Pig. 9b—Extrapolation op a Component op Pig. 9a 


VIII that the ratio of saturated to unsaturated values 
of Xd' and of Td may be taken as 0.88; accordingly, 


^saturated 
. value 


)- 0 ' 


^ unsaturated'' 
, value 


ture axis, as evidenced by positive or negative peak 
voltage across the fields is the ratio of applied voltage 
to line current. See Fig. 5. A method of determining 
the saturated value is given in Appendix I. For salient- 
pole machines without dampers, the locked line-to-line 
test, with readings taken at low currents in the quadra¬ 
ture-axis position, also determines Xg. 

Transient Reactance Xg'. Since salient-pole machines 
have no effective quadrature-axis rotor circuit, Xg' 
=Xg. The turbine generator is the only common 
example of a m'achine having effective quadrature-axis 
circuits, and for most practical purposes, and particu¬ 
larly for short-circuit calculations, Xg' may be taken 
^ Xd! (saturated values). Appendix II gives a method 
of measuring the saturated value, and Appendix III 
a method for a low-current value. 

Subtransient Reactance X/ from Locked lAne-to-Line 
Test. The remarks given under the coir^ponding test 
for X/ apply here. That is, this test is normally useful 


I 



Pig. 10 ^Locked Line-to-Line Test. Por Subtransient 
Reactanoes 

Xd" ** E/2 I for direct a^is position 
Xq*' * E/2 I for quadrature axist position 
E « applied single>phase voltage 

only for low-current values of X/, which for saKent- 
pole machines with dampers equals approximately the 
saturated value. For turbine generators the saturated 
value of X/ may be taken equal to that of X/. Appen¬ 
dix rV discusses the direct determination of X/ 
(saturated value) from short circuit. 

^ To measure X/ (low-current value) the procedure is 
similar to that for the corresponding X/ test. With 
the rotor in tiie quadrature-axis position and about 
rated current flowing, X/ is the ratio of applied 
voltage to line current. See Fig. 10. Serious rotor 
heating may result with turbine generators. 

Zbbo-Sbqtjbnce Eeactancb Xo 


rp ,( saturated \ 

\ value ) 
-7- ~Xi (2) 

Quadeatdre-Axis Rbactancbs 
Synchronom Reactance X*. The unsaturated value 
is obtained from the slip test at the same time that Xs 
is measured. With the rotor magnetized in the quadra¬ 


Locked Zero-Sequence Reactance Test. With the fi el d 
v^ding closed on itself and the rotor at standstill, 
single-phase voltage is applied to the phases connected 
either in series (Fig. 11a) or paraUel (Fig. 11b); with 
approximately rated current per phase circulating, 
zero-sequence impedance is the ratio of voltage per 
phase to current per phase. If the resistance component 
is smaU, this ratio may be taken as Xo. This reactmice 
is a minimum for a % pitch armature winding, and if 
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the pitch is near this value, making Xq low, the series 
connection has an advantage over the parallel connec¬ 
tion since the latter requires a source of relatively high 
current at low voltage. Results in Part III show that 
Xo is little affected by whether the rotor is running or 
at standstill. 

Xo frofn Sustained Double lAne-UhNeutral Short 
Circuit* The locked test above may be at a disad¬ 
vantage due to the requirement of a source of sitigle- 
phase power. The method to be described, believed 



Pio. 11 —^Locked Zbro-Sequbncb Reactance Test 
Zo w E/I 

A—Series connection 
B—^Parallel connection 

to be presented for the first time, is developed in 
Appendix V; it has the advantage that no source of 
single-phase power is required, and the disadvantage 
that serious rotor heating may re^lt with turbine 
generators, due to the flow of negative-sequence current. 
See Fig. 12. It is shown in Appendix V that with a 
double line-to-neutral short circuit at the terminals, 

(3) 

n 

where jSa = voltage on the open phase. 

/« = neutral ciurent. 

If the resistance component is small. 



Since .Xo is the value effective when zero-sequence cur¬ 
rent equals rated current, the field current should be 
adjusted to give a value of J„ = 3 times rated current, 
but good results may be obtained at lower current. 

Note: As in all sustained short circuits, the high cur¬ 
rents associated with sudden short circuits are avoided 
if the short circuit is applied with no field current flow¬ 
ing, and then the field current built up and adjiisted to 
give the desired armature current. 


Negahvb-Sbqubncb Rbactancb Xi “ 

The variation of Xs, depending on whether the nega¬ 
tive-sequence voltage or ciurent is fundamental, is 
discussed in Appendix VI. In general, Xj may be taken 
as the arithmetical average of X/ and Xg", this being 
the value obtaining whrai fundamental current is cir¬ 
culated. For salient-pole machines, X/ and X," as 
determined from a locked line-to-line test can be 
averaged to give Xj. For turbine generators, Xi must 
be tile average of certain saturated values of X/ and 
Xg", which values are usually not obtained from the 
locked line-to-line test; however, as concluded in a 
discussion in Part III, it may be said that for turbine 
generators, X/ = X/ = Xs (saturated values). 

X 2 from Sustained lAne-to-IAne Short Circuit. This 
test is practical for salient-pole machines with dampers 
and gives fair results for salient-pole machines without 
(^pers. It is shown in Appendix VII that with a 
line-to-line short circuit on phases 6 and c, at machine 
terminals (Fig. 13), the negative-sequence impedance 



where &ab = line-to-line voltage. 

li = short-circuit current. 



If FV-! = watts measured using jElai and/6, 

V W 2 

' VSIi 'Eai h 

If TV 2 ~ Xej lb which means a negligible resistance 
component. 


X, 


Egb 

VZh 


(7) 


There tiiould be no appreciable external resistance or 
inductance in the field circuit, particularly for salient- 
pole machines without dampers. The test is made with 
negative-sequence current equal to rated current, hence 
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armature current is 1.73 (per unit value). For turbine 
generators, such a current value may result in serious 
rotor heating, hence it is usually best to take readings at 
lower currents, and extrapolate the results. 

Time Constants 

Consider a coil having constant inductance L (henrys 
or abhenrys) and constant resistance R (ohms or 
abohms). If it is short-circuited on itself at any instant 
at which it carries current I, the current decays accord¬ 
ing to the familiar ^onential expression i = 
where i is the current at time t seconds, T = L/R 
seconds, and e = 2.718 = base of Napierian logarithms. 
li t = T, i = I/e = 0.368 1 haice the time constant 
may be defined either as the ratio L/R, or as the time in 
seconds for a decasdng non-sustained current to de¬ 
cease to 0.368 of its initial value, assuming exponential 
decay. 

In S3Uichronous machines the rotor circuits are not 
all concentrated, and saturation exists to various 
degrees, hence current and voltage changes may not 
be exponential. In a majority of cases, however, it is 
found that good approximation is obtained by fitting 
exj^nential curves to the actual curves, giving more 
weight to the initial portions when the changing com- 
ponaits are large. Convenient use is made of the fact 
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components of the as3mimetrical component of arma¬ 
ture current (see Bibliography 4—Part V). As shown 
m Part III, the asymmetrical component of three-phase 
shortKjircuit current may not decay with the same 
time constant, in all three phases. For simplicity, Ta 
will be taken as the time constant of that one of the 
two' largest components which has initially the most 
^dual slope. For example, in Fig. 7a, is taken as 
the time in seconds for the (asymmetrical) current in 
phase a to decrease to 0.368 of its initial value. 

An alternative means of measuring Ta, not satis- 



'short-circuiting 

f SWITCH 


PROTECTIVE 

RESISTANCE 


D-C. SUPPLY 


V- 


CIRCUIT 

BREAKER 



Pig. 13 —Xz from Linb-to-Linb Short Circxht 

^““"TTTr 

t^t an exponentially deca 3 dng quantity is a straight 
line when plotted on semi-log paper; two points which 
conveni^tly determine this line are the value I at zero 
time and the value 0.368 I at time equal to the time 
constant. It is a very significant fact that a comparison 
between actual component and fitted exponential is 
deceiving if made of their semi-log plots; comparison 
should always be made of Carteaan coordinate plots 
of actual and fitted curves. 

Armature Short-Circuit Time Cmstani Ta. This tirpe 
constant applies to both the d-c. and second-harmonic 


Fig. 14 —Connections for Field Decrement Test 

Determination of r/. (Armature is short-circuited all durtoK test: 
field is suddenly short-circuited) 

factory for turbine generators, is to circulate direct 
current in two (or three) phases, by applying d-c. 
v<)ltage between two terminals (or between two ter¬ 
minals tied together and the third); the rotor is driven 
at rated spe^; thra when the terminals are short- 
circuited, Ta is the time for current to decay to 0.368 of 
its initial value. 

Or, knowing the d-c. resistance of the armature ra, 
and Xi (saturated value), Ta may be computed from® 

2ir/ r, W 

Where / = rated frequency and Z* and r* are in the 
same units. 

Direct-Axis Time Constants 

ShortrCircuit Transient Time Constant T/. This is 
the time constant of the field circuit with the armature 
short-circui^, hence is the time-constant of the A i' 
component in Fig. 9a, and is readily determined from 
the plot in Fig. 9b. It is the saturated value that is 
thus obtained from analysis of a dead three-phase 
short-circuit from rated voltage at no load. External 
reastance or inductance in the field circuit affects 
field-current decrement, hence liie ideal condition for 
determining T/ directly is to have the field current 
supplied from an infinite d-c. bus. In practise, it is 
dedrable to have negligible external inductance and 
resistance in the field circuit, as obtained by use of a 
compensated exciter. 

Theoretically, the variation of A i' should be ex¬ 
ponential only for a state of no saturation. Tests 
show, however, that under short circuit, a single 
exponential curve will usually fit A i' out to where it 
has reached about of its initial value, and for that 
reason, and until a more accurate and sufficiently 
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^ple analysis is available, it is proposed that the time 
constant of the fitted exponential be used. 

Ts' from Short~Circuit Field-Decrement Test. This is 
a simple method of measuring the unsaturated value 
of T/ for salient-pole machines but is generally un¬ 
satisfactory for turbine generators. See Fig. 14. 
With a sustained three-phase short circuit at machine 
terminals and a fraction (about of rated current 
flowing, the field winding is suddenly short-circuited 
on itself, and an oscillographic record made of armature 
and field currents, the latter being recorded because it 
usually has a sudden initial change which helps in 
fixing zero time. A semi-log plot of armature current 
then gives Td (unsaturated). This value times 0.88 
gives approximately the saturated value (see Appendix 
VIII). 

Tdo' from OpenrCireuit Field-Decrement Test. This is 
the time constant of the field circuit with the armature 
open. As with the similar test.for Ta', this test is 
convenient for salient-pole machines but is generally 
unsatisfactory for turbine generators. See Fig. 16. 
With the machine running at about rated voltage 
at no load, the field winding is suddenly diort-circuited 
on itself, and armature voltage and fidd current re- 



I SHORT-CIRCUITING 
^ SWITCH ^ 


PROTECTIVE 
RESISTANCE 


D-C. SUPPLY 


CIRCUIT 

BREAKER 


Fig. 15—Connections fob Field I3ecbement Test 
D etermination of Tjo'. (Axmature is open) 


corded by oscillograph. Td,' is determined from a 
semi-log plot of armature voltage. 

Shart-Circuit Subiransient Time Constant T/. This, 
like Tdo", has significance only for nia.f»biTiflg ■with 
ad^tional rotor circuits; it is the time constant of the 
A i" component in Fig. 9a. This component may some¬ 
times be only roughly approximated by a fitted ex¬ 
ponential. A semi-log plot is made of A and a 
straight line fitted to it. In Part III, Fig. 21 shows 
the good accuracy obtained by fitting an exponential 
to A i" for a large turbine generator. 

Open-Circuit Subtransient Time Constant Tdo". This 
c^ be obtained from a modification of the shp test 
with the field winding closed on itself; the rotor is 
magnetized^ in the direct axis, the apphed voltage 
sudderdy disconnected, and terminal voltage recorded 
by oscillograph. From a semi-log plot of voltage, the 
slowly decaying component is detamined; the difference 
between the total voltage and the dowly decaying 
component is plotted on semi-log paper and the timo 
constant of the fitted exponential is Ta/. 

Quadrature-Axis Time Constants 

Short-Circuit Transient Time Constant T^'. This 
constant, hke Tj.', has practical significance only in 
case of turbine generators; it can be determined from 


the same test used for X^' (Appendix II). Rated 
current is circulated as in the shp test, and when the 
rotor is magnetized in the quadrature axis, a three- 
phase short circuit is applied. T^' is obtained from a 
semi-log plot of the ssnnmetrical compon^t of cxirrent, 
neglecting the rapidly decaying initial portion. 

Open-Circuit Transient Time Constant Tq,. This 
can be detmnined from the same voltage-decrement 
test made for the low-current value of Xq (See Appen¬ 
dix III), as the time constant of voltage decn^ment, 
neglecting the initial rapidly-decajing portion. 

Short-Circuit Suhtransient Time Constant Tq". This 
constant, like Tq/, has significance only for turbine 
generators and salient-pole machines with dampers; 
it is determined from the same test used for X,' and 
Tq' as the time constant of tiie difference between the 
total short-circuit current and the slowly-decaying 
component. 

Open-Circuit Suhtransient Time Constant Tq,". This 
is determined from the same voltage-decrement test 
used for T,,' (See Appendix III) as the time constant 
of the difference between total voltage and its slowly- 
decasdng component. 


Resistances 

The zero-, positive-, andnegative-sequenceresistances 
are simply the resistance components of the correspond¬ 
ing sequence impedances. For example, when n^ative- 
sequence current is circulated, the reactive component 
of negative-sequence voltage -s- circulated current is 
Xi, and the in-phase component of voltage -5- tihe cur¬ 
rent is Rq. Of the three sequence resistances R? is 
usually the only one which may sometimes be impor¬ 
tant and is therefore the only one discussed. 

The loss associated with negative-sequence current 
may not vary as the square of the current, particularly 
with turbine generators, because of various ^ects such 
as those caused by saturation, skin effect, and depth 
of penetration of flux in solid material. It may some¬ 
times be necessary, with turbine generators particularly, 
that the variation of loss with current be determined 
and Rq used as a loss coefficient rather than as a simple 
resistance. In aU cases, Rq will be considered as that 
value effective at rated negative-sequence current. Tests 
indicate that this loss varies approximatdy as the 1.8 
power of negative-sequence current, for turbine gener¬ 
ators, for current of the order of rated current. Unless 
such a machine is designed for single-phase operation, 
such a value of current may cause serious rotor heating 
when maintained for an 3 dJiing more than a short time; 
results obtained at low-current values can be extra¬ 
polated. In the tests below there should be no external 
resistance or inductance in the field circuit, especially 
for salient-pole machines without dampers. 

Rq from Loss Measurement. In general, the most 
accurate and practical means of determining Rq is by 
actual measurement of oiergy loss in a sustained line- 
to-line short circuit. This may be accomplished by a 
retardation test; by measurement of shaft input under 
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two conditions—at no load, and with the machine 
short-circuited aine-to-Kne). C. P. Wagner has thor¬ 
oughly anal 3 ^ed the distribution and significance of 
negative-sequence loss and shown,"* based on certain 
well warranted assumptions, that 

Net Shaft Input 

=- 21 ?- ( 9 ) 

which can be written 


„ _ _ Net Shaft Input 

= - 2^2 - (10) 

Where 

li = negative-sequence current. 

= 0.577 It. 

Ih = line-to-line short-circuit current. 

Net Shaft Input = (Prime-mover input while ma¬ 
chine is short-circuited. 

- Prime-mover input at no load. 

— Prime-mover losses. 

— Friction and windage losses). 

If practical and not per unit values are used, the input 
per phase, or the neib shaft input, is used.. If loss 
is measm^ by a retardation test, net shaft input 
becomes the total short-circuit loss minus windage and 
friction loss. In terms of the sequence networks, 

I 2 * 222 is electrical power input when a mar;biTie carries 
negative-sequence cmrent I 2 ; in addition there is shaft 
(torque) input which is less than J 2 * B 2 , being more 
accurately equal to Is* times (Ri minus the stator 
resistance), but in general it is sufficiently accurate to 
take shaft input = I 2 * Ri. It is well to note that re¬ 
gardless of tile latter assumption, in system studies 
the electrical input must be considered separately from 
the direct shaft input whenever more than one machine 
is involved, because while direct shaft input is supplied 
by the machine itself, dectrical input may be divided 
between different machines. 

Ri from Waitmeter Meamrement. The accuracy of 
this alternative method depends critically upon the 
accuracy of voltage, current, and watt measurements. 
Refer to Fig. 13. With a sustained line-to-line short 
circuit at machine terminals (as in the test above), and 
with short-circuit current = 1.73 times rated current, 
we may write—^from formulas in Appendix VII, 



Where 

Eab = line-to-line voltage. 

Ib = short-circuit current. 

Wi = measurement of watts obtained by naing 
Eab and Ib. 


Ill—^niiistratious of Application of Test 
Methods 

This part deals with descriptions of tests made in 
accordance with methods described in Part II. nius- 
frations are given not of all the methods previously 
described, but of those which concern the more im¬ 
portant constants such as direct-axis reactances and 
time constants. 

General Description of Test Facilities and Set-Up. 
Tests were made with those facilities available in the 
company with which tihe author is associated. The 
usual precautions were taken relative, to 
instruments, and particular care was exercised in oscil¬ 
lographic measuremaits since many important con¬ 
stants are detamined by oscillogram analysis. Appre¬ 
ciating the fact that currents in sadden short circuits 
contain large asymmetrical componoits which might 
saturate current transformers, three non-inductive 
shunte*® were employed (Fig. 16) for most sudden short- 
circuits. Each shunt consists of two brass cylindas 



Fig. 16—^Non-Indtjotivh Current Shunts 


sep^ted by mica and sweated together at one end; 
the inner cylinder is tapped by two soldered connections 
which lead to the oscillograph. 

Sustained short circuits were made with armature 
terminals short-circuited with short connecting links 
bolted in place with the machine at standstill; the 
condition of sustained short circuit was obtained by 
driving the machine at rated speed and then applying 
field current, thus eliminating the high currents asso¬ 
ciated with sudden short circuits. The latter were 
effwted by a standard three-phase 0-30 circuit breaker 
(Fig. 17). The shunts wwe mounted on a platform b uilt 
on the ade of the breaker structure. For the safety of 
the oscillograph operator the shunts were grounded as 
shown in Fig. 18. 

To eliminate the necessity of a prime mover in the 
sudden short circuits of larger machines, it was often 
convenient to run the machine as a motor at unity 
power factor at or above synchronous speed, thmi to 
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suddenly disconnect the power supply and apply the 
short circuit as the machine reached S3mchronous 
speed; this allows a speed decrease, but does not affect 
the current magnitude appreciably because both gen¬ 
erated voltage and reactance decrease with frequency. 
In all such tests, a constant-frequency timing wave was 
recorded. 



Pig. 17— Cibcott Brbakdk Ubbd in Sudden Shobt-Cibouw 

Test 


initial values 9.00,8.20, and 1.80, which when multiplied 
by averaging factors determined from the symmetrical 
compon^ts, give the corrected values 9.13, 7.79, and 
1.86. Fig. 20b gives the initial value of the TUftyiTnnm 
possible d-c. component = 9.85. The initial_value of 
a-c. (subtransient current) is I" = 9.85/V2 = 6.96; 
speed and voltage just previous to short circuit were 
normal,* hence 

„ Voltage 1.00 _ 

- p = = 0.144 (or 14.4 per cent) 

The symmetrical components are plotted in Fig. 21 
and an average curve drawn. Sustained current 


3-POLE 

CIRCUIT BREAKER 



Pio. IS . Diagrau fob Three-Phase Short-Circuit Tests 

I = 1.07, shovra as a dotted horizontal line. A semi¬ 
log plot of A i' in Fig. 22a gives the extrapolated initial 
value (A iOo which is replotted in Fig. 21. The initial 
transient current = /' = j -f (A iOo = 4.20, hence 

_ , Voltage 1.00 

i' ~ 4 20 “ ^ 23.8 per cent) 


Synchronous Reactances Xa and X,. Table I gives 
some values of Xa and Z, as obtained from slip tests, 
also values of Xa determined from saturation curves. 


TABLE I 


Xd 

X, 

Ydltage 

applied 

ins^ptest 

Machine 

Prom sat. !E^om slip 
curves test 

Prom slip 
test 

Turbine generator 

(18,750 kva.). 

Syiu^iroiious motor 

(750 hp.). 

SaUent>pole generator 
(100 kva.). 

....1.15.1.10... 

-1.80.1.35_ 

-1.26.1.26_ 

...1.10_ 

.. .97_ 

.. .87..., 

..0.36 

..0.60 

..0.48 



Short .Circuit at Rated Voltage, No Load, 75,000-Kva. 
Turbine Generator 


bottom we does n^tgo 

is due to the fact that the asymmetrical component has WMaJly 
a slower decrement than the symmetrical component initially 


Xa and Xa" from a Three-Phase Short-Circuit at Rated 
Voltage No Load. A test on a 75,000-kva. turbine 
generator will be described. The oscillogram in Fig. 19 
^ three-phase short circuit at rated voltage 
(11,600 volts). Current in each phase is first separated 
into symmetrical and asymmetrical components (the 
lattOT IS d-c. only, since Z/ = Z/). Fig. 20a is a 
semi-log plot of the d-c. components and gives the 




i? 1 .. .. xiic mipurtanL 

^wbine generatore is 
iHu^ted by Fig. 23, where reactance values at cur¬ 
rents less than 2.0 were obtained from locked line-to- 
Ime te^, and those at higher currents frxim sudden 
three-phas e short circuits. This also illustrates the 

synohroRous at instant of short oirouit. the 
voltage used m eomputing Xa' and Xa" should be read from Se 
no-load saturation curve for the existing field current 
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Sf^Pfe wWmt Dampm. 

Tis« OA e*iy 4-1^ n (unsaturat 6 d v^Iub) is dotemiiiied from the locked 

ane.to-lme.^tatIow«(>i „r.«, Hg. 25 


TIME IN CYCLES (^«60«'») 

Fig. 20a—Asymmetbical Components prom Pig. 19 
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Fig 22a—a Component 


Pig. 20b Maximum Possible Asymmetrical Component 
(I nstantaneous value) 


FITTED EXPONENTIAL (FOR av) 
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Fia. 21 Stmmbtbioaii A-C. Couponxnt Taken from Wavb 
, IN Fio, 19 


It is important to note that the value obtained at about 
rated current from this locked test is essentially the 
same as the saturated value obtained from a dead 
three-phase short circuit from rated voltage at no load. 




2 3 4 5 6 7 

TIME IN CYCLES (•r = 60*v) 

Fig. 22b—a Component 
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shows saturation eflfects at higher currents. When 
operating under load, the reduction in X, may be still 
greater (Appendix I). 

Low-Curreni Value of Xf for a Turbine Generator. 
Ihis was measured on an 18,750-kva. turbine generator 
by the method in Appendix III. Fig. 26 shows terminal 
voltage decrement. A semi-log plot in Mg. 27a gives 



Pig. 23 ^Vabiation of Xi * with Cubbbnt fob Tubbinb 
Gsnbbatobs 

A as 3,125 kva. turbine generators 
B sa 43,750 kva. turbine generators 
C - 76,000 kva. turbine generators 
D 9,375 kva. turbine generators 
E * 18,760 kva. turbine generators 
F ■■ 12,500 kva. turbine generators 


ratio Xq /Xd varies from about 1.0 under saturated 
conditions to 1.8 for low-current values. Mg. 28a 
shows Xj" at low currents, for a 75,000-kva. turbine 
generator, as found from the locked line-to-line test. 
In order to study the relative values of X/ and X/ 
at high currents, line-to-line short circuits at rated 
voltage were made on several turbine generators; these 
tests indicated that at high values of current (sudden 
short-circuit values), X/ = X/ = Xa. 

Zero-Seguence Reactance X,. Fig. 29 diows the small 
effect of saturation on Xo for turbine generators, at 
lower currents, as obtained from a locked zero-sequence 
reactance test. For the 75,000-kva. machine, X, 
= 0.106 at rated current; from a sustained double 



PER UNIT ARMATURE CURRENT 

Fig. 25 —Xq fob Salient-Pole Machines without Dampers 

A ■» 7,500-kva, generators 
B « 760-kva. generator 

C « 331-kva. synchronous motors with dampers oflP 

line-to-neutral short-circuit test, Xo = 0.098. The 
data in Table II afford comparison of values measured 
with the rotor at standstill and driven at rated speed. 



A » 240 kva. synchronous motor 

B »» 730 kva. synchronous motor 

C * 15,000 kva. syntdtironous condenser 

B *» 30,000 kva. synchronous onn denser 

E 100 kva. generator 

F *= 331 kva. ssmchronous motor 

G «■ 5,000 kva. generator 

Note: This apparent break is attributed to errors 


E' = 0.186. Also, E = 0.378 and I = 0.879, and 
applying formula (2) from Appendix III, 

E-E' 0.378 - 0.185 

= j = 0"379 -Gow-current value) 

A similar direct axis test gave X/ = 0.40, whereas the 
saturated value of Xd' = 0.14. This large difference 
between 0.14 and 0.40 may be attributed largely to 
rotor saturation effects. 

X/ for Turbine Gmera^s. For such machi nes, the 



Negative-Se^pienee Reactance X,. As stated in Part II, 
Xs for salient-pole machines with dampers can be com¬ 
puted as the average of X/ and X/ measured at rated 
current by a locked line-to-line test. Values so com¬ 
puted, and values obtained from the sustained line-to- 
line test, are tabulated M' Table III. 
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Armature Short-Circuit Time Constant Ta^ In 
Fig. 20a, that one of the two largest asymmetrical 
componente which has the most gradual initial slope 
has an initial value of 8.20 and a time constant = 15.6 
cycles = 0.26 sec. Hence T„ = 0.26 sec. for this 75,000- 
kva. turbine generator. 

Time Constants Td and Td". For this same machine, 
Td' = 1.53 sec. (saturated value) from Fig. 22a. The fact 



Fia. 26 —Qtjadratuhe-Axis Decrement 
18,750-kva. turbine generator 

that field-decrement tests give indefinite results (non¬ 
exponential decay) for turbine generators is illustrated 
by Fig. 30, which is for a 9,375-kva. turbine generator. 
Fig. 31 shows corresponding curves for a large salient- 
polegenerator,illustratingthatforsalient-pole machines, 
this test is quite satisfactory; the unsaturated value of 
Td' from a short-circuit field-decrement test when mul¬ 
tiplied by 0.88 gives the saturated value, approximately. 
Short-Circuit Subtransimt Time ConstaM Td". Refer 



Fig. 27—e' (Dojifonent from Fig. 26 
Tqo' «'^0 cycles - 1,00 sec 


to Fig. 21 for the test on a TSyOGO-kva. turbine generator. 
A semi-log plot of A i" made in Fig. 22b gives the time 
constant of a fitted exponential as T/ = 2.1 cycles 
== 0.035 see. Note that the large discrepancy appearing 
in Fig. 22b, between actual Ai" component and the 
fitted exponential, is really quite negligible when they 
are replotted in Fig. 21 in Carterian coordinates. 

Transient Time Constant T^o'. (See Appendix III.) 
Refer to Fig. 26 (for an 18,760-kva. turbine generator); 
the A e' component is plotted in Fig. 27, and in this 
particular ease an exponential approximates it very 
closdy, giving = 1.00 sec. for this low voltage. 


Had this test been made at higher voltage it is doubtful 
if any fitted exponential would be other than roughly 
approximate. 

Negative-Seqtienee Resistance Ri. In keeping with a 
previous statement, all values quoted are those effective 
when negative-sequence current equals rated current. 
A 5,000-kva. salient-pole machine gave R^ = 0.120 by 
prime-mover input measurement, and Rt = 0.135 by 
wattmeter measurement. On the other hand, with a 
7,600-kva. waterwheel type generator without dampers, 
Ri from wattmeter measurements was in considerable 
error, but R^ = 0.033 was obtained from both the 



Pio. 28 —^Variation of X/ fob a Ttjbbinb Gdubbatob 
(75.000 Kta.) 

retardation test and a measurement of prime-mover 
input (for a line-to-line short circuit). For botii ma¬ 
chines above, loss was found to vary as the squm^ of 
the eiurent; this is, of course, affected by rotor 
temperature. 

Measurements on turbine generators indicate a 
variation of negative-sequence loss as the 1.8 power of 
current. Since part of the loss varies as the 1.5 power 
and part as the square of the current, this result is 
quite reasonable. For example, tests on a 43,750-kva. 
turbine generator showed a variation as the 1.8 power 


0.12 

z 0.10 

iS 

hi 

a 0,08 

I- 

z 

D 

2 0.06 
0 . 

1 . 

0,04 


Fio. 29 Y abiation of X, fob Tvebinb Gbnbbatobs 

and the loss associated with direct current in the arma¬ 
ture (and rotor driven at rated speed) was found to 
vary as the 1.8 power at low currents. (For this latter 
loss, practically all the energy is supplied directly by 
shaft torque.) 

Summary 

The tables below form an explicit summary of test 
results. Table W'lists what are conader^ to be the 
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more important machine constants. The values of 
Xdy X/f Td, Td and Ta in Tables V and VI-were 
obtained from three-phase short circuits at rated volt¬ 
age. Tables VII and VIII give other test values. 
Table IX gives typical values of various machine 
constants, based on test results; constants calculated 



Fig. 30— Results from Field Decrement Tests on a 9,376- 
Kva. Turbine Generator 


from formulas given in the companion paper by L. A. 

Kilgore* were used in arriving at some of the ranges 
given. 
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load)—such as normal load for a generator. Fig. 32 is 
a vector diagram of a generator supplsdng a lagging 
power-factor balanced load; machine resistance is 
neglected. Let 

Et = terminal voltage (line-to-neutral). 

I = load current. 

Id = direct-axis component of load current. 

If = Quadrature-axis component of load current. 

Bd = nominal or excitation voltage. 

= eos“‘ (power factor). 

b - angle between nominal and terminal voltages. 

= angle between nominal voltage and load 
current. 


ed 



I 


Fig. 32— Vector Diagram of a Generator Supplying a 
Lagging Power-Factor Loau 

It is seen from Fig. 32 lhat 
EtsiaS = IfXf 


h 

gff o.iol 




-ziz;—n _ =[icos(if> + s)]Xf 

if Whence E, sin 5 = / Z, (cos cos 5 - sin (fr sin 

IS - 

1. H F,sin5 

g^o.io__(cos <^)cos5-sin sin 5) 

■"i Dividing through by sin 5 gives 

OPS —I _ IP 

Aftdi i I I I I I I - X = _ 

«> «o * I (cos <t>cotd- sin (f,) (^2) 

Fig. 31 —^Results from Field Decrement Tests on a 7 finn 

Kva. Waterwheel Generator ’ table rv —the mobb important maohinb constants 


o 40 eo KO IM 200 SW 280 320 360 40) 440 w sai 560 

TIME IN CYCLES 


X, = - 
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Appendix I 

Quadrature-Axis Synchronous Reactance X 
(Saturatejd Value) * 

This IS a practical method for measuring the saturated 
value M Xj, based on a relation derived from the 
appheation of Blondel’s two-reaction theory, and 
mvol^ measurement of relative angle of the rotor 
and the termi^ voltage vector, while the ja 

carrying any load (other than a vay low power-factor 


« synchronous reactance ] 

= toansient reactance | a 
* subtransient reactance j 

■ short-circuit ratiof 

■ negative-seqiuence reactance 

■ zero-seQuence reactance 

_ _ ... 


Xi -■ positive-sequence reactance 


AO ™ zero-sequence reactance 
Ta - fehort-clrrailtlanaaturec^ 

“ short-circuit transient time constant 
Td^ "Short-circuit subtransient time constant 

rdo « o pen-circuit transient time constant _ 

I'd.' - ~ Td ’ 

axis, it is ordinarily assumed to be a ^ ^ direct or quadrature 

the «bscdpt d or , 

to the A. I. B. B. 

•aturaUon (L e.. tt theno-load Maturation onr^e*SS‘gSto%"“'"*‘' “ 
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TABLE IX—TYPICAL CONSTANTS OP THREE-PHASE SYNOHRONOTJS MACHINES 
Reactances are per unit values, time constants are in seconds. YsJues below the lines give a range of values, while those above give an average value 


2-p61e 

turbine 

generators 

4-pole 

turbine 

generators 

SaJient-pole 
gen. and 
motors (with 
dampers) 


Xd Xg Xd* XdT 

1«10 1.07 0.15 0.09 

.95-1.45 . 92-1.42 02- .21 .07-.14 


( « XdT) .01 - .08 


4.4 0.6 0.035 0.09 

2.8-6.2 .35-.90 .02-.05 .04-.15 


-- -- - ,— .. o-g 1.3 0.035 0.2 

1.00-1.46 .97-1.42 .20 -0.28 .12-.17 .015 - .14 4 „ .9 g . 8 - 1.8 .02-.05 


^•IS 0.75 _0^.37 0.24 0.24 

.60-1.45 .40-1.00 .20-.60 .18-.86 .13-.85 


SaUent-pole 

gm.(wlth- 1.15 pyg 

out dampers) — , —-—; 


115 0.75 0.35 

.60-1.46 .40-.95 . 20-.46 


Condensers 


1.80 

1.60-2.20 


1.15 

.95-1.40 


.30-.60 


( « Xd') 

.25 

.18-.38 


.24 

.17-.37 


.02- .20 


.04 - .26 


.02 - .16 


5.6 1.8 0.035 0.15 

1.5-9.6 .5-3.3 .01-.06 .03-.25 


6.6 2.0 
3.0-10.5 1.0-3.3 


9.0 

6.0-11.5 


2.0 

1 . 2 - 2.8 


0.035 
,02-.05 


variM so^tlcally with arauature winding pitch that an average value can hardly be given. Variation la *om about 0 1 to 0 7 of X 

troraingle-phasenu^dilnes (or three-phasemachlnesdealenedfor single-phase operatlonrT<^n«y have 


Knowing the terminal voltage, load current and power 
factor, and 5, X, (saturated value) is readily computed 
from equation (12). 5 can be measured by means of a 
small auxiliary a-c. generator mounted on the shaft 
of tile machine. This measurement has been de¬ 
scribe in certain stability studies.**’** 

The elation expressing S as a function of the vari¬ 
ables listed above is, for the same case of a generator 
supplying a lagging power-factor load, 


E = applieii voltage (line-to-neutral value) just 
previous to tiiort circuit. 

The transient internal voltage previous to short cir- 
cuitis 

E'=I(X,-X,') (14) 

but I' = ^ (15) 


E t + I Xq sin (f> 


hence 

whence 


E' = rx,' ~ I iX,-X,') 
IX„ 


X' = 


Equations (12) and (13) apply not only to a generator 
supplying a lagging power-factor load, but also to a 
motor operating at a leading power factor; for the two 
converse cases, the ^ of the second term in the 
denominator change in both equations. 

Appendix II 

Quadbature-Axis Transient Reactance Z,' 
(Saturated Value) 

To obtain the ^turated value of X,' by the method 
described, the slip test is made with rated current 
circulated which puts it at a disadvantage for turbine 
generators since this means a source of three-phase 
power of the same order of magnitude as the machine 
ratmg. With rated current flowing and the rotor mag¬ 
netized in the quadrature axis, a dead three-phase short 
circuit is applied. An oscillogram of short-circuit 
current in all three phases is analyzed in the maTiTior 
described (See Mgs. 9a and 9b) for the determination 
ofX/. 

I =• armature current just previous to tiiort circuit 

(= rated value). 

I' = initial symmetriisal short-circuit current neg- 
UcUng the rapidly decaying (initial) por¬ 
tion of the wave. 


i + r 


IX, =E 


therefore X,' = 




Note: Strictly speaking, the values of X/ before 
and after the short circuit are different; to account for 
this difference it is necessary to flrst determine, at thq 
same current, the low-current value of X,' as in Appen¬ 
dix III and to use this value in computing E', then to 
compute the saturated value of X,' from equation (15). 

Appendix III 

Quadrature-Axis Transient Reactance X,' 
(Low-Current Value) 

This may be determined by a modification of the slip 
test; wi^ the rotor magnetized in tiie quadrature nvia, 
the applied voltage is suddenly discormected, and ter¬ 
minal voltage recorded by oscillograph. Terminal 
voltage in Mg. 26 is extrapolated to zero time, negkcHng 
m rapidly decaying portim, by the aid of a semi-loc 
plot in Mg. 27. * 

E' = this (extrapolated) initial value (line-to-neutral). 

E — terminal voltage (line-to-neuiral) just previous 
to the removal of applied voltage. 
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/ - armatoe cu^nt just previous to the removal ing the low-current value by another test, aimiiar to 
of the applied voltage. that in Appendix III. 

Then 


E- E' 


IX,' 


X' = 


E-E' 


Note: When^ applied voltage is disconnected, the 
three cmrents will be opened sequentially thus malring 
zero time, the time at which the extrapolated voltage is 
to be measured, an ind^Bnite item. The current in one 
line is first mterrupted, then the current in the other 
two lines is interrupted (simultaneously in these two). 
There is very little difference, however, between the 
extrapolated values of voltage at these two instants, 
hence this matter of dedning zero time has no practical 
importance. 


Appendix V 

A'o PROM Sustained Double Linb-to-Nbutbal 
Short Circuit 

By the method of symmetrical components, it can 
readily be shown«-M that with a double line-to-neutral 
short cmcuit on phases 6 and c at the machine terminals 
(See Fig. 12), the voltage on the open phase is 

P 3^0 

^0 H - ^2 


and that the neutral current is 
/« = 3 /o 

— 3 6 

^ 


.Appendix IV 

Quadrature-Axis Subtransient Reactance X/ 
(Saturated Value) 

This may be obtained from the same test used to 
determine the saturated value of X,' (Appaadix II). 
Following the same procedure, the total symmetrical 
current is extrapolated to zero time to give the initial 
ssmunetrical subtransient current; extrapolation is 
accomplished as in the analysis for determining Z/ 
(Figs. 7,8, and 9), being based on the maxiTn nm possible 

asymmetrical component (initial value). Let 
I" = initial symmetrical short-circuit current 
E — applied voltage (line-to-neutral) just previous 
to short circuit 

I = armature current just previous to short circuit 
(= rated value) 

The subtransient internal voltage previous to short 
circuit is 



E" = J(X,-X/) 

(19) 

but 

E" 

T" — 

X/ 

(20) 

hence 

E" = J«'X/ = J(X«-X/) 


whence 

II 

(21) 

but 

IX, = E 


therefore 

E 

T " 

~ jf 

(22) 


Where 

e = generated (line-to-neutral) voltage of phased. 
lo = zCTo-sequence current 
2o, 2 = sequence impedances of the 
Dividing by gives 



Appendix VI 

Negattve-Sequence Reactance Xt 

It has been shown® that the ratio of voltage to current, 
both fundamental n^iative-sequence quantities, de¬ 
pends upon whether (1) the current or (2) the voltage, 
is maintain^ fundamental. Condition (1) is ap¬ 
proached with large external reactance, and (2) is 
approached for double line-to-neutral and line-to-line 
short circuits. In systems where gaierators are con¬ 
nected to delta-wye transformers they carry no zero- 
sequence current for line faults, and in view of this and 
other considerations, more importance is placed on the 
value of Xj for line-to-line generator short circuits than 
for double line-to-neutral short circuits. For condition 
(1) above, X* = (1/2) (X/ -+• X/) a nd for a line-to- 
line short circuit, Xs = VX/ X/; the difference 
between these two values will be computed for a case 
where X/ and X/ are quite different, as for a salient- 
pole machine without dampas where X/ = Xd' = 0.36 
andXg" == Xj = 0.76. For this case 

Xd' + X " _ 

- 2 —~ = and VX/ X/ = 0.51 


The same note giv^ in Appwidix II applies here; firom which it can be concluded that for most practical 
that is, the difference in values of X/ before and after purposes, the arithmetical average of X/ and X " 
the short circuit may be accounted for by first measur- (in this case 0.66) may be taken as the value of Xs * 
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Appendix VII 

Nesgativb-Sbquencb Impedance from Sustained 
Iane-to-Linb Short Circuit 

Referring to Fig. 13, it has been shown^’“ that 
for a line-to-line short circuit on phases h and e, the 
short-circuit current 

and the line-to-line voltage 

^ S 6 

IThT 

Where e = generated voltage of phase a. 

= sequence impedances of machine. 

From which 

Sab \/3 S 2 
lb - — 

hence = —= • (5) 

V3 J-h 

Appendix VIII 

Xd' AND Td' AS Regards Saturation Effects 

Since transient reactance is based on an initial value 
of current (neglecting the initial rapidly decaying por¬ 
tion), the use of different values of Xd for various 
degrees of saturation is an accurate treatment. Since 
time constants define decrement (or increment) only if 
it is exponential, and since saturation causes deCTement 
to be other than exponential, tiie use of time constants 
for short-dreuit conditions is not an ^act treatment. 
However, assuming that the most important portion of 
a decrement is that during the period when the value is 
relatively large, the approximation of employing a 
saturated time constant for saturated conditions gives 
reasonably accurate results. 

In order to study tiie relation between saturated and 
rated current values of Xd, tests made under various 
degrees of saturation were analyzed. It was foimd tiiat 
in general, the reduction in Xd' could be accounted for 
in two ways; first, by a factor equal to the ratio of 
(field amperes at rated voltage on the air gap line) to 
(field amperes at rated voltage no load)—^which ratio 
is simply the reciprocal of tiie product of Xd and tiie 
short-circuit ratio; second, by an empirical factor 
= 0.88, based on test results. However, it was also 
found that the relation between the saturated and 
unsaturated values of Td' was bett^ accounted for by 
the empirical factor 0.88 than by the first factor, and 
it is on tills basis that the factor 0.88 has been adopted. 

Three-phase short dreuits were made at low voltages 
as well as at rated voltage, and anal3rsis of results has 
lead to the conclusion tiiat one of the important causes 
of reduction of Xd' and Td' is due, in salient-pole ma¬ 


chines, to saturation of the iron in the pole tips. Thus 
it would be expected that imder short-circuit conditions 
the values of Xd' and Td' depend not only on armature 
short-circuit current, but also on the voltage and field 
current existing before short circuit. 
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Discussion 

P. L. Alder: This paper presents a thorough summary of 
test methods of reactance determination, which will be very 
useful for both designers and operators. The methods of 
determining zero phase and negative phase sequence reactances 
from measurement of voltages on the open phases under partial 
short circuit are particularly valuable. 

The paper establishes satisfactory methods for determiaing 
the unsaturated values of all the important reactances, but 
only suggests the determination of saturated reactance by full 
voltage short-circuit tests. I do not believe that full voltage 
short circuits are desirable for regular use in factory tests, as 
they require undue expense and special safety precautions for 
holding the machine stator in place against the short-circuit 
forces. Furthermore, the only record of such tests is osftillo- 
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paphie, and the accuracy obtainable from oscillographic filTna 
is not of a high order, so that at best only approximate values of 
reactance can be so obtained. 

For practical purposes, the operator usually requires only 
saturated values of the transient and subtransient reactances, 
thoup unsaturated values may be useful in calculations such as 
mphine oscillation and stability determinations. These are 
primarily used for determining fault currents and relay settings. 

The synchronous reactances are chiefly useful in determining 
steady state torque angle relations and sustained short-circuit 
currents, and for these purposes the unsaturated values are 
desired. 

I believe the best way to determine the saturated transient 
and subtransient reactances is to apply saturation factors to 
the test values of unsaturated reactance, as. mentioned in my 
discussion of Mr. Klilgore’s paper on page 1214. The errors in¬ 
troduced by the use of such factors in my opinion should not be 
of greater magnitude than allowable with the accuracy require¬ 
ments for practical use at the present time. 

Sherwin H. Wrights The method of evaluating saturated 
values of synchronous machine constants by applying saturation 
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factors to measured unsaturated values, as commented upon by 
Mr. Alger, may well be amplified and extended in use in the 
future. Limited application of this method appears in the 
paper, wherein the saturation factor for both transient reactance 
(Xd') and short-circuit time constant (Td') is given as 0.88; thus 
in Table VIII (salient pole machines without dampers) the vslue 
of transient reactance as measured at rated current by a locked 
rotor test, when multiplied by 0.88, gives the saturated value. 
In the ease of turbine-generators, transient reactance cannot be 
determined from this same locked rotor test, but if a sudden 
three-phase short circuit is made at half voltage and the value of 
transient reactance thus^ found is multiplied by 0.88, the result 
is approximately the saturated value of transient reactance. 

Extension of this general method can be accomplished only 
after considerable additional test analysis is carried out, such as 
will lead up to a better understanding of the mech^sm of 
saturation effects in machines under short circuit. However, 
to reach such a state we must first know the actual saturated 
values of machine constants, and it is for this reason that, in 
the paper, emphasis has been placed on the determination of 
certain of the constants by full voltage short circuit. 



An A-G. Supervisory Control System 

BY OTHMAR K. MARTIN 
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A S a restilt of the rapid extension of electric power 
systems and the progress of electrification of 
ra^oads, the control engineer has been called on 
to provide solutions for increaangly intricate control 
operations. Coordination between those operations 
led to their concentration into the hands of a tingle 
operator or dispatcher, and the adoption of automatic 
and of remotely controlled substations. In order to 
be able to control equipment located at appreciable dis¬ 
tances it was necessary to reduce to a minimum the 
number of wires required for transmitting a large nmn- 
ber of different signals, which led to the adoption of 
different designs of supervisory control. At the time 
of the adoption of those systems it was felt that only a 
d-c. system, operating with a battery as current supply, 
would be a reliable solution, as a system directly sup¬ 
plied by the power lines to be controlled would be 
affected by disturbances in these lines, at times when 
supervision is most urgently required. 

SraPLiPiBD Diagram op System 

Alternating current was, however, chosen for operat¬ 
ing the present system, whose principle of operation is 
illustrated diagrammatically in Pig. 1. This figure 
shows a controlling statjon I and a controlled station 
II, which are connected by five wires. The a-c. supply 
may be located in the controlling station, or in any one 
of several controlled substations, and can be made in¬ 
dependent of all disturbances by tising a fractional 
horsepower motor-generator set, supplied from the 
station battery which is usually present. In most 
instances, however, it will be found possible to dispense 
with the battery and motor-generator set without 
sacrificing reliabiliiy. Such a possibility exists, for 
instance, if the house supply of a generating station can 
be made available for energizing the supervisory conlrol 
system, as this supply is not affected by any distur¬ 
bances to the high-tension lines feeding the controlled 
substations. Another alternative resides in supplying 
power to the supervisory control S 3 ^tem from the power 
lines at the controlling station and at each controlled 
substation, if these latter are fed from the same power 
ssrstem. In this case the supervisory system vtiU be 
dead only if the power fails simultaneously at all feeding 
points. Disturbances in the low-voltage side of the 
controlled substations cannot affect the supervisory 
system. 

In networks with a large number of internal connec¬ 
tions it may even be felt that the pr^ence of normal 

1. Chief Engmeer, AmerioaDi Brown Boveri Co., Inc., 
Camden, N. J. 

Presented at the Summer Convention of the A.I.E. E., Asheville, 
N. C.,Jime 22-26,1931. 


voltage on the substation bus can be depended on at all 
times, so that the stations can be supplied independmtly 
of each other, thereby eliminating the necessity for the 
two supply line wires shown on Fig. 1, which can then be 
replaced by a single return wire. In some cases an 
additional degree of safety can be obtained if a super¬ 
visory control system of this Mnd is supplied from one 
high-voltage network while controlling another inde¬ 
pendent network. Each individual case will show the 
best current supply to be used. 

Synchronous Selectors 

The system described herein was devdoped with a 
view to great reliability. It uses equipment of a very 



I OontroUixLg station « 

II OontroRed station 

1, 1' Selector relays 

2, 2' Starting relays 

3, 3' Stopping relays 

11 Controlling station selector 

12 Controlled station selector 

16 Control switch 

17 Circuit Breaker 

19, 19\ 20, 20' Auxiliary contacts 

21 , 2r Selector motors 

sturdy type, which has been used in the past in relay 
applications, and is little apt to be disturbed by even 
severe inductive int^ference, and can further be pro¬ 
tected from disturbances by the insertion of inmilatiug 
transformers into the lines. It is of the synchronous 
selector type, each station comprising one selector, 
started from its rest position when an operation is to be 
performed, and returned to this position after the opera¬ 
tion has been completed. Depending on the com- 
plmty of the operations to be performed, and their 
number, these selectors are provided with a variable 
number of rows of contacts which are connected to 
slip rings by means of rotating brushes carried by an 
arm, and are made with a variable number of operating 
points. 
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Fig. 2 shows a selector having 23 operating positions, 
but selectors have been made with as many as 67 operat- 
ing positions. These selectors are driven by a motor 
which is the heart of the whole installation. This motor 
is shown in Pigs. 3 and 4. Its main component parts 
are a permanent magnet 1 and a wound armature 2 free 
to^oscillate in the air gap of the magnet. The armature 
spindle carries a torsion spring fastened to the frame, 
and so dimensioned that it gives to the armature a 
natural oscillation frequency equal to the a-c. supply 
frequency. When altonating current is applied to the 
armature through flexible leads, the armature therefore 
oscillates at the system frequency, and, in order to 



Pia. 2 —Pbont View op Seleotor 


utilize this oscillatory motion, the armature is con¬ 
nected to the selector arm through a ratchet mechanism 
and a set of gears. This motor, not possessing any 
contacts, slip rings, or commutator, is particularly 
reliable, and it has proved its worth in many years of 
service in central station and substation relasrs. The 
selector spindle carries a gear wh^ 5 having as many 
teeth as operating positions are required^ plus one for the 
rest position. This gear wheel is driven by a pinion 4 
having only 2 teeth, driven through gears by the motor. 
The substantially uniform rotation given by the motor 
to pinion 4 is transmitted to gear 5 as a step-by-step 
motion, allowing the brushes of the selector to rest on 
the contacts for a comparatively long time while a much 


shorter time is spent in moving them from one con¬ 
tact to the next. One of the intermediate gear 
^indies carries sets of auxiliary contacts 3, the pur¬ 
pose of which will appear from a description of the 




Fig. 4—Diagram of Selector Motor 

1 Permanent magnet 

2 Armature 

3 Auxiliary contacts 

4 Pinion 

5 Selector gear 

6 Selector arm 

<q)eration of the system, and makes one-quarter turn 
each time the selector moves by one step. It has been 
fotmd that an operating time of H to sec. per step 
permits satisfactory operation of all the rela 3 rs. 
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Transactions A. I. E. B. 


Principle of Operation 

Fig. 5 shows the complete equipment required for the 
operation of selectors in two stations and, in ordOT to 
give a typical example of the operations that can be 
performed, also shows the equipment required for the 
control and supervision of one circuit breaker. The 
principle of operation of the selectors will be under¬ 
stood more readily by first referring to the simplified 
circuits of Fig. 1. As mentioned above, the controlling 
station is provided with a source supplsdng alternating 
current to auxiliary bus bars. A, B and, over the supply 
line wires, to the controlled station, where it supplies 


stations I and II, and is therefore without current. 
When the starting relay 2 operates, its contacts con¬ 
nect one end of the synchronizing line to bus bar B; 
the synchronizing line thus receives current, energizing 
selector relays 1 and 1^. The latter connect to the bus 
bars the selector motors 21, 21', which start to rotate. 
This rotation is transmitted to contacts 19,19', which 
first coimect the motors directly to the bus bars, to 
contacts 20, 20', which open the synchronizing line 
and through the two-tooth pinions, to the selector arms 
which move to the first step. When this step is reached, 
contacts 20, 20' first reclose the synchronizing line, and 
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Fig. 5—^Wibinq Biagbam op a Typical Installation 


I Controlling station 

II Controlled station 

1 , 1' Selector relays 

• 2 , 2 ' Starting relays 

3, 8' Stopping relays 

4 AuxiUary selector relay (time delay on opening) 

5 Auxiliary signal relay (time delay on dosing) 

6 Signal relay 

7 Alarm relay 

8 Trouble relay (time delay on dosing) 

9 Auxiliary starting relay 

10 Synchronism checking relay 

also a set of auxiliary bus bare. A, B. Each station 
also possesses a starting bus Z) and a stopping bus E for 
contoolling the operation of the selectors. If we assume 
that Ihe selector arms are in the rest position, as shown 
and that it is desired to close the circuit 
breaker 17, the control switch 15 of the circuit breaker 
IS moved to the “dose” position. The control switch, 
which IS illustrated in Fig. 6, is provided with a number 
of contacts. One of these contacts connects the start- 
^ b^ B to bus bar A, thereby energizing starting relay 
2. Until the starting relay is energized, the synchro¬ 
nizing wne line is in connection with bus bar A in both 


11 Oontrolling station selector 

12 OontroUed station selector 

13 Time switch 

14 Blinking relay 
16 Control switch 

16 Indicating relay 

17 Circuit breaker 

18 Control relay 

10, 20. 19^ 20' Auxiliary contacts 
21 , 21' Selector motors 
22 Alarm device 


contacts 19, 19' then disconnect the motors from the 
bus bars. Starting relay 2 still being dosed, another 
current impulse is sent over the synchronizing li ne , re¬ 
energizing selector rdays 1, 1', before contacts 19, 19' 
open, thereby initiating another one step motion of the 
selector arms through the same sequence of operations. 
It is apparent from the above procedure that each sdec- 
tor arm can leave a step only if this step has also been 
reached by the other selector arm, and that the motion 
of the selectors is obtained independently imtil tihey 
both again reach the following step. If one of the 
sdectors should fail to operate while between two st^s. 
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the othw selector would be unable to proceed. In 
normal operation, the two selector arms proceed with¬ 
out stopping over the successive steps until they both 
reach the step assigned for the control of circuit 
breaker 17. 

One of the brushes of selector 11 then connects bus 
bar A through the control switch to the stopping bus E. 
Stopping relay 3 is then energized and opens the circuit 
of starting relay 2, which reconnects the s 3 Tichronizing 



Pio. 6 —Control Switch 


line to bus bar A as when the system was at rest. The 
selector relays 1 and 1' therefore are deenergized and 
the selector arms remain at standstill. Another brush 
of selector 11 then sends the control impulse over the 
control line wire and over selector 12 to the control 
circuit of the circuit breaker, causing it to dose. The 
circuit breaker auxiliary contacts then send an indi¬ 
cating signal back over the indicating line wire. 

The above operation can be followed in somewhat 
naore detail on Fig. 5, on which the selector arms were 
displaced from their rest (vertical) position for the sake 
of clearness. When the control switch 15 is moved to 
the “close” position, it connects bus bar A to the starting 
bus D and, through the selector brush, energizes auxil¬ 
iary starting relay 9. The latter energizes the syn¬ 
chronism cheeking relay 10, which can close only if both 
selector arms are in the rest position. If selector 12 
happens to be in any other position, the auxiliary start¬ 
ing relay 9 will remain energized and it will operate the 
lime dday trouble relay 8; at the same time, it opens 
supply line wire A, so as to avoid the transmission of 
erroneous indications back from station 11. Normally 
the selectors are in the rest position and permit the 
synchronism checking relay to close, thereby energizing 
the starting relay 2, which initiates a rotation of the 
selector arms as described above. Relay 9 is then de¬ 


energized by selector 11 and opens the circuit of trouble 
relay 8. 

As a third protection against the loss of synchronism, 
the auxiliary contacts of the selectors reverse the polar¬ 
ity of the synchronizing line at each step, so that if one 
of the selector arms happened to jam on one step, the 
other selector arm would be imable to proceed further 
than the next step. Once the selector arms have started 
to rotate, the starting relay remains energized through 
the inside slip ring of selector 11. When the circuit 
breaker has been closed, as explained above, and the 
return indication transmitted, the stopping relay 3 is 
deenergized by the indicating relay 16, so that both 
selector arms again proceed until they reach their rest 
positions; the starting relay is then deenergized by se¬ 
lector 11 and the system comes to rest. When the circuit 
breaker trips automatically, it energizes starting relay 
2', which sets the two selectors in motion, in the same 



Fia. 7—CoNTBOL Relax 


manner as when starting relay 2 is energized. When 
selector relay 1 closes its contacts, the auxiliary selector 
relay 4 is energized, and since the starting relay 2 is not 
energized, a circuit is completed for energizing the signal 
relay 6, which lights a signal lamp, and energizes an 
alarm device 22, such as a bell or a horn. • The operator 
is thereby notified of the tripping of the circuit breaker, 
and he disconnects the horn by means of the alarm re¬ 
lay 7. The two selectors are stopped by means of 
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Traosaetions A. I. E. E. 


stuping rday 3', and the return indication is then trans- 
noitted over the indicating line wire. The operator 
then moves the control switch of the circuit breaker to 
the "open” position, thereby reversing control relay 18 
which permits the selectors to return to the rest posi¬ 
tion. If we now assume that the circuit breaker trips 
wMe tiie selectors are rotating for the purpose of trans¬ 
mitting a control impulse, it will again energize starting 
relay 2', but as starting relay 2 is also en^gized, the two 
^ds of the synchronizing line will be connected to the. 
s^e bus bar, and both selectors will stop. At the same 
time, auxili^ indicating relay 5 will be energized, 
thereby again energizing the signal relay 6, and soimd- 
ing the alarm. The operator must then cancel the 
operation he had started by replacing his control switch 
in the initial position and moving the control switch of 


similar to the selector motors, which rapidly makes and 
breaks connection between bus bar A and a blinking 
bus F, and operates only when selector 11 is not in its 
rest position. A lamp connected between bus bars B 
and F will then blink instead of giving a steady light. 
When the operator wants to close breaker 17 and moves 
control switch 15, the green lamp starts to blink until 
the circuit breaker has closed, after which the indication 
relay 16 extinguishes the green lamp and lights the red 
lamp. Conversely, when the circuit breaker trips 
automatically, alarm 22 sounds and the green lamp will 
blink until the operator moves the control switch to the 
"open” position, when the green lamp becomes steady. 
This combination of an alarm signal with a blinking 
light is most effective in bringing the operator’s atten¬ 
tion to whichever piece of apparatus has performed 



Pia. 8 —View of Switchboard and Control Desk 


tile circuit breaker which has tripped. If several 
breakers have tripped, this operation would be repeated 
for each one, before the operator can ti'ansmit any 
control impulses. 

^ When the operator wishes to perform a control opera¬ 
tion, he is thus positively assured that, while that opera¬ 
tion is being completed, the equipment which this 
operation does not affect will still be in the condition 
shown by the lights on his switchboard. This condition 
can only be the result of operations either initiated or 
ac^owledged by himself by means of his control 
switches. In this manner the danga* of the operator 
becoming confused and performing undesired operations 
is reduced to a TniniTnnm- 

An interesting feature of the controlling station is the 
blinkmg rday 14. This relay comprises a motor. 


automatically. In addition, in order to avoid the auto¬ 
matic rwlosing of the circuit breaker when it has 
tripped, it is provided with a control relay 18, shown in 
Fig. 7, through which the circuit breaker can be re- 
dosed only by first moving the control switch to the 
"open” position, and then back into the "dose” position. 

Analogous circuits can be provided for other control 
and supervision operations such as, for instance, reading 
of meter indications, automatic position indication of 
manually operated disconnecting switches, alarm indi¬ 
cations to warn of excessive temperatures or other dis¬ 
turbances in the substation, etc. 

Omibating Details 

It may happen, in some instances, tbat the super¬ 
visory system remains idle for hours or even days. 
In order to give a periodic check of the condition on the 
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system, station. I is provided with a time switch 13 
which periodically sends an impulse to starting relay 2. 
This impulse starts both selector arms, which pass over 
every control step and come back to their rest position, 
where they automatically stop. Thus every step is 
checked, and it can therefore be ascertained that no 
change has occurred in the power system since the last 
control or supervisory operation. This check operation 
can also be initiated by means of a push button. 



Pio. 9—^ViEw OP Paktiai/Lt Assembled Luminous 
SWITCHBOABD 


It will be noted that, when the operator needs to 
perform at one time a number of control operations 
which can be transmitted without any particular se¬ 
quence, he can move all the corresponding control 
smtches to their new positions, and the selector arms 
will transmit the control and signal impulses in the order 
of the corresponding contacts of the selectors. 

The installation described above can be considered 
as t 3 ^ical, but can easily be modified to meet local 
conditions, as the principle of its operation permits a 
great amount of flexibility. A single selector in the 
controlling station can be used for controlling a ntunber 
of selectors in outlying stations, the controlling selector 
then being provided with a number of steps equal in 
number to the total number of steps of the controlled 
selectors. 

The control switches, selectors, control lamps, and 
various relays, can be mounted in different ways on 
switchboards or conirol desks. Fig. 8 shows a disposi¬ 
tion applicable both to ma.nual and to supervisory con¬ 
trol, which enables the operator to visualize at all times 
the condition of the system which he is controlling. In 
this figure the control switdies are installed on a switch 


desk in front of the switchboard, the handles of the 
control switches being part of a set of dummy buses, 
so that the positions of all circuit breakers ean be visu- 
^iz^. The switchboard, as may be seen in more detail 
in Fig. 9, is built of sheets of glass, covered by an opaque 
paint leaving transparencies which form a diAgram of 
the buses and lines duplicating the dummy set of buses 
on the switch desk. The indicating lamps are disposed 
behind the switchboard, so as to show, in proper colors, 
the positions of the circuit breakers. Additional indi¬ 
cating lamps provide for the indication of whether or 
not the buses and lines are energized, for which purpose 
they are controlled by suitable relays connected to the 
circuit breaker controlling circuits. Additional trans¬ 
parencies provided in the lines can be used for indicating 
the readings of ammeters, voltmeters, or other instru¬ 
ments. Fach of these transparencies discloses a meter 
box having a ground glass front graduated so as to 
provide a scale, on which the readings are given by the 
shadow of the moving element of one or of several 
instruments. In this manner each meter is located so 
that it is immediately apparent to which circuit the 
reading refers. Fig. 10 shows a t 3 ?pical arrangement of 
tl^ feeder ammeters with a three-phase bus voltmeter 
with suppressed scale. 

This method of enabling the operator to visualize at 
a glance the condition of the network and the changes 
occurring therein, the position of the switching equip- 



Fig. 10—Detail of Luminous Switchboard 


ment, and the location of meter readings, greatly fadli- 
tates the supervisory operations, and reduces the 
chances of wrong operations being performed. In 
addition, the equipment is of a type with which the 
operators and maintenance crews are familiar, so that 
no spedal training is required for the personnel. These 
two advantages, with the flexibility and rdiability of the 
equipment, should make this system of particular inter¬ 
est to operating engineers. 








Supervisory Control for A-G. Electrified 
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T he Pennsylvania Railroad in its electrification in 
and around Philadelphia has made use of two 
iMtallations of supervisory control for the remote 
operation of high-voltage a-c. step-down substations. 
One installation is on the branch line from Philadelphia 
to West Chester. It centralizes the control in the signal 
tower at Wawa, approximately 18 miles from Phila¬ 
delphia, for four separate substations along the West 
Chester Branch—one at Morton 10 miles from Phila¬ 
delphia, one at Lenni 17J^ miles from Philadelphia, one 



^ Chaney 22 miles from Philadelphia, and one at 
We^ Chester 27^ miles from Philadelphia. The 
relative locations of these substations and the control 
point at Wawa are shown in Fig. 1. 

The regular practise of the Pennsylvania Railroad is 
0 install su bstation control in signal towers adjacent to 
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the individual substations. This can be done in most 
ca^, since the substation locations selected are usually 
adjacent to interlockings, where signal towers are also 
located. 

On the West Chester branch, however, there is but 
one signal tower which is manned for the 24-hour period 
of each day, namely at Wawa. It is, therefore, desirable 
to concentrate at this point the control of the four 
stations mentioned above. (Fig. 2.) Supervisory con¬ 
trol makes this possible. The operator in the tower at 
Wawa receives detailed instructions from the system 
power director at Philadelphia by telephone. This 
operator then performs by use of supervisory feontrol 



PiQ. 2 Control Board—^Wawa Tower 


such operating movements as are desired. In case of 
trouble developing along the line which involves the 
automatic opening of circuit breakers in any of the four 
substations, these indications are brought to the 
operator at Wawa by supervisory control. The opera¬ 
tor in turn advises the power director by telephone of 
the ch^ge in the switching conditions and receives 
from him suitable instructions as to what movements to 
make. 

The second installation of supervisory control v?as 
installed a,t D-1 substation which is located at 36th 
Street, Philadelphia, along the main line tracks of the 
Pennsylvania Railroad to the west and east. (Fig. 3,) 
This location is directly back of the Philadelphia 
Zoologicd Gardens. At the time this substation was 
imtiaJly installed, it was definitely known that the only 
signal tower near the substation would be abandoned at 
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a later date, but the location of the new tower replacing 
it was not known. It was, therefore, decided that the 
control of this substation, which is one of the key sta¬ 
tions in the Philadelphia district, would be carried 
directly to the power director’s headquarters adjacent 
to the Pennsylvania Station at West Philadelphia. 
This permits the power director, who is the operating 
department man directly in charge of the entire 
electrification system, to control the operation of the 
equipment in an outlying substation and to receive 
direct and prompt indications of trouble involving that 
station. 

In addition to the customary control wires for the 
manipulation of apparatus, there was also installed as 
part of the supervisory control, on both the D-1 and 
the West Chester Branch, voltage wires for the direct 
and continuous indication at the control point of the 



Fig. 3—Typical Supervisory Equipment Installed in 
Substation Control House 

potential on the substation 11,000-volt bus. At the 
time the supervisory control was built for the West 
Chester branch, a system known as the synchronous 
visual type was standard with the Westinghouse com¬ 
pany. This equipment was installed in the spring of 
1928. The power supply was obtained from 48-volt 
batteries located at each of the substations and at 
Wawa tower. Eight wires in an unshielded lead- 
covered telephone cable were installed between the 
dispatcher’s office and each substation, four for opera¬ 
tion of the supervisory equipment and four as spare 
wires which could be cut into the circuit by operating a 
push button. 

When the electrification was put in service in July 
1928, it became apparent that, when the 11,000-volt, 
25-cycle trolley circuits were fed from one end only. 


voltages were induced in the control wires from the sub¬ 
stations to the dispatcher’s ofiice which interfered with 
the operation of the supervisory equipment. The first 
indication of this condition was the blowing of fuses, 
both in line wires and battery circuits when trolley 
faults occurred. Later, it was observed that when 
heavily loaded trolley sections were fed from one end, 
si^cient voltage was induced in the supervisory line 
wires to cause some of the relays in these circuits to 
chatter. Under these conditions the supervisory sys¬ 
tem was inoperative. 

Before the effects of induction were fully realized, 
many of the supervisory failures were credited to 
improper adjustments, circuit design or lack of mainte¬ 
nance. The Westinghouse company had numerous 
installations of synchronous visual supervisory in 
operation giving excellent service. The railroad com¬ 
pany felt that it had done its share in maintaining the 
equipment and yet the results were most disappointing. 
Tests were made in January 1930 which definitely 
proved that the faulty operations were caused by 
voltages induced in the supervisory wires by the cur¬ 
rent in the contact lines. Plans were immediately 
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Fig. 4— One Wire of a Supeevisory Control Line Between 
A Substation and Dispatcher’s Office 


made to change the equipment so that it would not be 
affected by induction. The obvious method was to 
arrange some form of drainage circuit to remove the 
induced 25-cycle energy from the supervisory wires. 

A single line idre between a substation and the 
dispatcher’s office is shown in Pig. 4. 

High voltage induced in the supervisory wire will 
cause the protector tubes to break down. This voltage, 
even on load currents, was sufficient to cause the tubes 
to flash over and the current through them, being 
caused by a steady rather than transient condition 
would continue to flow till the tubes were destroyed. 
TWed (linage circuits were connected to the super¬ 
visory wires at the substation and dispatching ends. 
These drains were so designed that they could carry 
enough current to hold the potential between the 
supervisory wire and ground below the flashover value 
of the protector tubes. 

Three conditions had to be fulfilled in this design: 
first, the capacity connected to the line wires must not 
be so great as to absorb the direct current impulses for 
relay operation; second, the size of the drainage equip¬ 
ment inust be held within reasonable limits; and third, 
the drains must have sufficient capacity to handle the 
maximum currents induced by full loads fed from one 
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end of the trolley section. Investigations showed that 
not more than 10 microfarads could be connected from 
the supervisory line wires to ground without interfering 
with relay operation. Values above this tended to 
absorb the direct current impulses sent out from one 
station to the other or to cause incorrect relay operation 
by condensers discharging through coils. If the drains 
were to have a sufficiently low 25-eycle impedance (150 
ohms) and not use over 10 microfarads of capacity, the 



Fig. 5—Schematic Line Cibovits fob Stnohbonous Visval 
Type Sitpbbvisobt Contbol 

reactor became too large to go into the space available 
in the dispatcher’s office. These considerations re¬ 
sulted in discarding resonant drains as a solution to 
the problem. 

Another common way of overcoming the effects of 
induction is to build a system of balance coils so 
arranged as to be highly reactive to the direct current 
impulses of the signaling circuit and to present a low 
impedance path to ground for the 25-cycle current. 
This method is not readily adaptable to s3aichronous 
visual t3T)e of supervisory control equipment because 
of the inter-relation of the line circuits. Mg. 5 gives 
an idea of the connections of the line wires. 

The normal condition of the circuits is for C wire to 
be connected between coils D Q and S Q across the 
dispatcher’s office battery. Thus wires C and CM 
carry direct current continuously under one condition. 
When the set is put in Operation C wire is dead and 
wires D and C M carry current first in one direction 
and then in the other alternately energizing DP-1 
and S P-1 coils and then D P-2 and S P-2. This gives 
the. effect of an alternating current of about 6 cycles 
frequency in wires D and CM. Later other relays 
(not shown) set up a similar circuit between C and 
C M wires. During the puMng on D and C M wires, 
wire S may be energized so that current flows in either 
direction. This is shown in the following table: 


In general, it may be said that any satisfactory 
drainage system for a four-wire supervisory circuit, 
where induced 25-cycle currents above one ampere 
must be removed, will be expensive to build, bulky and 
cumbersome to install, and will require considerable 
mounting space. 

Previous to this time, the Westinghouse company 
had completed its experimental work on a new type of 
supervisory control known as the visicode. The funda¬ 
mental difference is that this system uses only two 
line wires and operates by means of d-c. unidirectional 
impulses. This circuit is so ideally suited for elmunat- 
ing the effects of low frequency, high-voltage and high- 
current induction that it was decided to rebuild the 
West Chester equipment. The circuit which was used 
is shown in Mg. 6. 

The reactor shown in each end of the line wires is the 
key to the successful application of this circuit. The 
alternating current flows in both line wires in the same 
direction at the same time. The windings are so con¬ 
nected that the reactance is practically zero, and only 
about 26 ohms resistance in the reactor and 50 ohms 
external resistance limit the current to ground. Thus 
a large induced current can flow continuously in the two 



Fig. 6—Schematic Line Cibcuits fob Synchbonous 'Visual 
Type Supebvisoby Contbol 

supervisory line wires without flashing the protector 
tubes or interfering with operation. During tests, the 
equipment functioned without failure even when 
short circuits were applied to the contact line circuit 
while the relay counting chains were operating. This 
was accomplished with counting relays which were 
sensitive to less than 0.05 ampere direct current. 

Since the d-c. impulses flow in opposite directions in 
the reactor winding, a maximum of reactance exists. 
The impulses were timed for approximately eight per 
second, and the reactor was designed to give an effec¬ 
tive resistance of more than 500 ohms at this frequency. 


Olrcuit condition 


Wire C M 


1. At rest.Energized contlnuoasly. Energized continuously. 

2. Stepping op selection.Pulsating d-c. reversing direc- Pulsating d-c. reyerslng direo- 

tion tlon 

3. Operation.Pulsating d-c. reversing direc- Pulsating d-c. reversing dlrec- 

_2^1_ tlon 


Pulsating d-c. may or may not 
reverse 


A consideration of these circuit conditions shows that This circuit permits paralleling a number of stations 
a balance coil system could not be worked out with on the same pair of wires. 

the synchronous visual supervisory system. The changes were conipleted on the four stations on 
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the West Chester Division about September 1, 1930. 
Since that time the same high quality of operation 
has been obtained as with supervisory equipment of 
standard design. The synchronous visual set which 
operates between the dispatcher’s office and D-1 
substation has a rather short line circuit and is not 
so closely located to contact line circuits. For t.bia 
r^son this set was not rebuilt. The original super¬ 
visory equipment on this branch continues to give 
good operation. 

The ^pervisory cable along the West Chester branch 
has an induced sheath potential of considerable magni¬ 
tude, due to the cable being carried adjacent to the 
track at approximately the same elevation as the cate¬ 
nary construction. This particularly applies at times 
of trolley short circuits, or when the trolley drcuits are 
fed stub end over a relatively long distance. The 
lead sheath of the cable carrying the Wawa supervisory 
conductors has been grounded through resistances such 
as to limit the current flow to the values allowed by 
the cable manufacturer. This grounding decreases the 
induction on the wires inside the cable because the 
effect of the sheath current opposes the induction from 
the contact line. The ground connections are applied 
at the proper intervals so that the potential to ground 
cannot exceed a reasonable voltage. This prevents any 
hazard to a lineman if in contact with the sheath when 
a short circuit o'ccurs on the trolley line. 

The control cable for the West Philadelphia D-1 
system is approximately one mile in len^h. The 
cable installed was of such size as to permit duplication 
of control conductors in a manner similar to that on 
the West Chester branch. It had this marked differ¬ 
ence in that the control cable was not installed on poles, 
but in an underground duct system. As a matter of 
fact, approximately half of this cable is placed in 
temporal wooden trunking adjacent to the tracks, 
as the duct system was not available when the cable 
was installed. It developed that the lead sheath 
carried rail return current which under conditions of 
short circuit on the ll,000-v6lt trolleys, would reach a 
value sufficient to melt the lead. This difficulty was 
overcome by segregating the cable from the rail return 
circuits with a low value of insulation. This trouble 
was not serious and was readily overcome. 

When this type of supervisory control equipment has 
been properly adjusted it operates with very little 
maintenance. However, it is essential that the main- 
tainer be familiar with the circuits and have the skill 
required for adjusting telephone-type relays. A man 
who lacks this ability may do more harm than good. 
The relay cases should be sealed so that only authorized 
persons can get at the relays. It is quite common for 
this type of supervisory control equipment, after its 
proper adjustment has been proved by service, to go for 
many months without removing the relay covers for 
inspection or maintenance. 

Inspection periods, where equipment is in a clean 


A-C. ELECTRIFIED RAILROADS 1361 

neighborhood and is operating satisfactorily, can be 
extended to as long as four months. Companies 
having large installations usually develop a program 
suited to their own conditions as determined by thdr 
experience. More frequent inspections are desirable 
where the atmosphere is dirty and also while the 
equipment is new. Frequent operation of the equip¬ 
ment is desirable. It keeps contacts clean and all 
moving parts operating freely. All supervisory appara¬ 
tus should be operated at least once a day, and the 
power apparatus should be operatedif conditions permit. 
While unnecessary experimenting cannot be allowed, 
it should be remembered that the authorized main¬ 
tenance men must have frequent enough contact with 
the apparatus to keep familiar with it. Otherwise, 
the quality of their work and speed in restoring faulty 
equipment to service are greatly impaired. The con¬ 
tinued success of a supervisory installation depends 
on proper maintenance and the importance of this 
cannot be over-emphaazed. 

The energy for operating the supervisory equipment 
is supplied from storage batteries. Twenty-four cell 
groups, nominally 48 volts, are used at each substation 
and at the dispatcher’s office. The batteries are 
charged by either rectigon or tungar chargers. The 
substation and supervisory batteries are entirely sep¬ 
arate from each other so that the supervisory system will 
not be affected by grounds on the power control circuits. 

The charging rate is adjusted so as to supply the 
continuously connected load and maintain a terminal 
voltage between 50.4 and 52.8 volts (2.1 to 2.2 volts 
per cell). This provides the proper trickle charge for 
the batteries and keeps them fully charged at all times. 
Unusual demands on the battery require raising the 
charging rate for short periods but this is seldom neces¬ 
sary. The condition of the batteries and chargers is 
checked regularly. This is essential as the whole 
supervisory system would be out of service if the dis¬ 
patcher's battery should become discharged. 

In conclusion, it may be stated that the two installa¬ 
tions of supervisory control in use for a-c. substations 
operating on the Pennsylvania Railroad on its Phila¬ 
delphia suburban electrification are in very satisfactory 
operation. The two major difficulties originally en¬ 
countered, inductive interference and the training of a 
properly qualified inspection and maintenance organiza¬ 
tion, have been overcome. The effects of induction 
from adjacent conductors which were found to be serious 
under heavy short-circuit or long stub-end conditions 
have been taken care of by changing the original 
synchronous visual t37pe to the visicode t 3 T)e hav¬ 
ing reactors at each end of the line. The proper 
maintenance and inspection was accomplished by a 
careful selection of men for this work and intensively 
training them. 

The results obtained have shown that when the 
substations are located at points where no control 
operations are available, or where such points are so 
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distant that the installation of direct control cables is 
uneconoimcal, control can be adequately obtained by 
the use of proper supervisory equipment. 

It permits of centralizing the control of a number of 
stations at one point, allows greater freedom in the 
selection of substation sites, eliminates the necessity 
of speaal operators when a properly manned adjacent 
control point is not available. 

By cenirelizing the control of a number of stations 
at one point, it decreases the delay and possibilities 


of misunderstandings or mistakes which may occur in 
the transmission of messages or orders by phone or 
other methods. 

It may be safely stated that supervisory control is 
destined to play an increasingly important part in 
future railroad electrifications. 


Discussion 

For disciission of this pap^ see page 1874. 



Operating Experience With Automatic Stations 

Part I Columbia Engineering and Management Corporation 

BY GARLAND STAMPER* 

Associate, A. I. E. 


Synopsis.—The only proper way to test automatic and super¬ 
visory control equipment is to submit it to actual service conditions 
over a period of time. Since no one operating company can pos¬ 
sibly server a proving ground for all types of automatic and super¬ 
visory equipment under aU service conditions, the alternative is tiie 
interchange of operaUng experiences and ideas between the several 
companies using this equipment. 

The Columbia Gas and Electric Corporation has had automatic 
and semi-automatic stations of various types in operation during 
the last ten years. It is found that the class of seT^ce secured from 
any type of automatic station is directly dependent upon the excd- 
lence of inspection and maintenance. The chief items of trovhle 
experienced in these automatic stations listed in the order of fre¬ 
quency of their occurrence are: graphic meter pens and docks, 
circuit breaker auxiliary switches and closing mechanisms, grounds 
on control circuits, and relays due to obsolescence and loss of 
adjustment. 


The Toronto Hydro-Electric System has long realized the ad¬ 
vantages and economies of automatic and supervisory control. As 
a result, all new stations built since 1920 have been deigned for 
either automatic or supervisory control. The present policy is to 
design the railway converter stations for automatic control and 
the distiihution stations for supervisory control. The automatic 
controls have given fairly satisfactory results and the supervisory 
controls have given excellent results, especially the cable type super¬ 
visory, The chief source of trouble experienced with all this 
equipment has been relay failures. This would be expected natu¬ 
rally since practically all functions are performed by relays of 
various kinds. However, it is concluded from the results of these 
experiences that the automatic and supervisory controlled stations 
when operated properly are equal to and in some respects superior in 
reliability and flexibility to attended stations, 

* * * 


T he progr^ m the development and application On the Columbia Gas and Electric Corporation 
of the automate idea m regard to substations is System there is installed one or more stations of the 
doubtle^ familiar to aU. The automatic principle several different classes. There are several 1000- 
was ^ applied to small transformer stations located at to 3,000-kva. step-down stations for distribution at 4 
a distance from the mam sou^ of power and designed and 13.2 or 12 kv., with one and two outgoing feeders 
to feed suburbs, villages, and adjacent rural distnets. equipped with automatic reclosing oil circuit breakers 
ese stations generally consist of a step-down trans- and some with automatic induction voltage regulators, 
former ban^ and one or two outgoing low-voltage There are also several distribution stations having ca- 
feeders equipped vnth a.utoma,tic reclosing oil circuit parities from 3,000 to 8,000 kva. and a maximum of six 
break^ and posably mduction voltage regulators, outgoing automatic feeders. These feeders are all 
bince the load on th^ type of station is comparatively equipped with reclosing oil circuit breakere designed for 
small, the expense of an operatmg force and the neces- single pole operation and the transformer bank controls 
saxy housing for such operators can not be justified, include load response equipment where two banlra are 
HowevOT, the resdtant good wUl and increase in revenue installed. Some of these stations have been operating 
^ justify in a short for six years and longer with entirely satisfactory per- 

while the small additional expense necessary to install formance. On the supply to the street raUway system 
automatic eqmpment. serving the Northern Kentucky towns, there are com- 

As the success of these installations was proved, the pletely automatic converter stations equipped with 
appheation was extended to include larger distribution machines having 500 and 1,000 kw. capacity. The 
stations and converter stations for direct current supply control scheme of these maebiuP R is designed to func- 
to both the Edison and railway systems. As new tion on voltage variation and load demand and includes 
control schemes and new devices were developed and many other features incorporated in the latest dAgign 
their reliability improved, the automatic idea has been for this class of equipment. The breakers on the d-c. 
applied further until at the present time practically all feeders are designed to open on rate of rise of current 
tsqies of stations are being des^ned for automatic Jmd to reclose when the circuit is cleared, 
control, either completely or in part. The chief reasons Hue to the rapid growth of the d-c. Edison system 
for this wide spread popularity are; first cost is but before the advent of the automatic a-e. network, it was 
little more than that of a comparable attended station; found to be advisable and economical to supplement the 
reliability and flexibility are as good if not better; larger converter stations with smaller tna.<».biTiAg located 
operating costs are materially less. near the centers of concentrated load areas. The con- 

1. Dedgn Engineer, Columbia Engg.,&MaiuigementCorp., <^ 0 ^.Schemes on th^ nmchlnes include automatic 
CinGinnati, Ohio. Starting at predetermined times and automatic stopping 

Presented at the Summer Convention of the A, I, E, E,, Asheville, determined by the conditions of load and voltage On the 
N, C,, June $2-26,1931 system. At the same time in order to increase the 
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flexibility and reliability of the entire Edison system 
supply, the control on all existing conversion equipment 
was changed to semi-automatic. This scheme in¬ 
cluded complete starting operation when initiated by 
the operator, voltage regulation, load limiting devices, 
and other improved protective functions. 

Around the city of Dayton there is installed a double 
circuit 83-kv. loop having two sectionalizing stations 
with step down transformer banks for local distribution 
at 4 and 12 kv. One of these stations is designed for 
remote control by means of sjoichronous selector super¬ 
visory equipment from the dispatcher’s office over two 


stations in which street lighting equipment is installed, 
the circuits are cut in and out of service by means of 
time switches equipped with astronomical dials. The 
operation of any of the automatic equipment transmits 
a signal over a pair of wires to the dispatch^’s office 
and this signal persists as long as the circuit is de¬ 
energized. This pair of wires is leased from the local 
telephone company and is used also for communica¬ 
tion between the station and the dispatcher’s office. 

The design and construction of these stations have 
passed through the cycle of improvement and develop¬ 
ment of apparatus and devices to increase appearance, 



paira of telephone wires four miles long. The other 
station is completely automatic and the control scheme 
is designed to redose the 33-kv. oil circuit breakers 
upon restoration of potential on the lines. The dis¬ 
tribution voltage at this station is 4 kv. and the feeders 
are equipped with regulators and single-pole automatic 
redosing circuit breakers. The reclosing cyde consists 
of three redosures at intervals of 15,30, and 75 seconds. 
If at the end of this cyde the fault still persists, nil 
three phases of the breakers are opened and locked out 
until the feeder has been cleared of faults. At those 


safety, and reliability of the entire installation. In the 
earlier ^es of station the high-voltage bus structure 
was built up of concrete cells; the low-voltage bus 
structure was built of pipe or angle iron; thetons- 
foiwers were equipped with bushings and required a 
bus s^cture to make connections; and the regulators 
were installed in concrete cdls with little or no protec¬ 
tion. The latest design indudes high- and low-voltage 
metal-clad switchgear, pothead type transforms lo¬ 
cated outside the substation building, and regulators, 
when located inside, endosed in individual concrete 
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cells equipped with oil drains and lire extinguishing 
apparatus. 

The type of service secured from an automatic station 
depends to a great extent on the degree of excellence 
of operation and maintenance. In the Cincinnati dis- 
tnct there are five automatic station operators whose 
duties are to inspect, test, maintain, and keep clean all 
equipment in the automatic stations. There are four¬ 
teen automatic stations in this district consisting of; 



Fio. 2 4,325-Voi.t Metal-Clad Switchgear Showing 
Mounting ov Relay and Control Equipment 

four outlying step down stations having two regulated 
distribution feeders; five metropolitan step down sta¬ 
tions having from two to four regulated distribution 
feeders; three combination step down and street rail¬ 
way stations having from two to six regulated distribu¬ 
tion feeders and one synchronous converter; and two 
Edison system conversion stations having one 1,875-kw. 
motor-generator set each. In addition to the care of 
the above stations, it is the duties of these same opera¬ 
tors to inspect, test, and maintain the semi-automatic 
equipment on the following apparatus: Two 5,000-kva. 
synchronous condensers, one 1,000-kw. and two 1,500- 
kw. Edison system motor-generator sets, and seven 
3,500-kw. Edison system synchronous converters. This 
equipment is distributed among six different stations. 


end of the timning period they are required to pass an 
examination in order to become a regular operator. 

There is one operator on duty on each of the three 
shifts in the day and he is given a regular schedule of 
work for each day in the week. An effort is made to 
have the operators visit the more important stations 
at least^ once in a day and the smaller stations two to 
three times a week for a regular inspection. This 
inspection consists of making the necessary meter and 
operation counter readings, adjusting graphic metera 
and changing charts, adjusting battery charging equip¬ 
ment, checking temperatures and general operating 
conditions of all apparatus, checking indicating lamps, 
fuses, and pounds on control circuits, and in case of 
rotating equipment, observing the starting and stopping 
operations. Once each week the rotating apparatus 
and all its control equipment is cleaned and necessary 
repairs made, and a complete check is made of the 
starting and stopping sequence and the proper func¬ 
tioning of all devices. Once every two weeks the equipr 
ment on each reclosing feeder is given the same general 
overhauling. Once each week all the control batteries 
are given a slight charge and a complete check of their 



Pig. 3—Typical Regulator Structure Showing Installa¬ 
tion OP Lux PiRB Extinguisher 


The automa,tic operators are selected as a rule from 
the operating personnel of the manually controlled 
stations. They are men who have had some technical 
training and have shown some special aptitude for the 
class of work required of such an operator. They are 
given a special couree of training which consists of 
serving as a helper for a regular operator and other 
instructions necessary for a complete imderstanding of 
all the various types of automatic installations. At the 


condition is made. Finally, twice a year all the appa¬ 
ratus in the station is given a complete overhauling by 
the reg;ular maintenance crew under the supervision of 
the automatic men. 

It is noted in this connection that the operators are 
not fu^hed with any standard form for reporting and 
recording trouble. Neither are they furnished with any 
chart or standard method for making inspections. The 
attitude is taken that any kind of form or chart which 
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tends to make an inspection a routine duty will tend to 
destroy the initiative of the operators and to focus their 
attention on the completion of the form rather than on 
the inspection of the equipment. It is fully reali^d, 
however, that with this system it is necessary to secure 
operators of a high degree of excellence and efficiency. 
In order to keep some check on the proper performance 
of their duties by the operators they are required to 
turn in to the chief operator at the end of each day a 
log sheet showing the stations which they visited during 
the day, what they did outside the usual inspection', and 
to note any item requiring attention which they could 
not remedy. It is unfortunate that this condition ex¬ 
ists because many items of interest doubtless are never 
reported. An effort is now being made to keep a more 
complete record of operating experiences with these 
stations. 

A few of the most common somces of trouble in auto¬ 
matic equipment are poor clocks and poor pen con¬ 
struction on graphic meters, auxiliary switches on circuit 
breakers, groimds on control circuits, and the master 
relay. No. 1, losing its calibration. During the past 
seven years of automatic station operation in the Cin¬ 
cinnati district there has not been an outage of any 
consequence due to lack of vigilance and maintenance. 
This is believed to be a good record and a fine testi¬ 
monial to the efficiency of these five men. It is esti¬ 
mated that they can properly care for a greater number 
of stations by relieving them of other extraneous duties 
which they are called upon to perform. 

Upon looking back over the operating records of the 
distribution stations, it is noted that at least 90 per cent 
of the faults on a circuit are temporary in nature and 
that the breakers remain closed after the first or second 
operation. These circuits having automatic reclosing 
circuit breakers are equipped with instantaneous over¬ 
current relays set to operate at a predetermined value of 
current which is slightly below the safe rupturing 
capacity of the circuit breaker or the thermal capacity 
of the regulators. The operation of these relays pre¬ 
vents the redosure of the circuit breaker until the fault 
has been cleared and the relays reset. To date there 
has been only one o^ration of these rela 3 ^ which was 
caused by a cable failure near the station. By the use 
of these relays it is considered safe to install equipment 
having lower capacity or to make the time between 
circuit breaker reclosures less than advisable otherwise. 

The reclosing cycle for manual stations is 20, 46, 
and 90 seconds, providing the operator is free at the 
time of fault to perform these functions. Since the 
operation of the automatic stations is free of the human 
element, it is found that these functions are performed 
faster and more accurately than smy operator could 
perform th^. Whenever trouble develops in an auto¬ 
matic ^tion, the operator on duty at the time is 
immediately dispatched to that station to clear up the 
trouble and to restore the equipment to its normal 


operating condition. With only one operator on duty 
and with more than one station in trouble, the outages 
are sometimes prolonged undesirably. However, dur¬ 
ing storm periods when trouble is most likely to occur, 
another operator is pressed into duty for emergency 
calls and it has not been found necessary to increase 
the number of regular operators. The application of 
semi-automatic control to the Edison system conversion 
equipment has materially increased its reliability and 
flexibility and decreased the outage time. It is interest¬ 
ing to note that under conditions of severe system dis¬ 
turbances, the automatic stations have performed the 
necessary functions faster and more accurately than 
could be expected of any operator. Since the load 
dispatcher has sufficient confidence to trust them to 
perform correctly, he can devote his attention to other 
pressing concerns. 

On the S 3 rstem of the Da 3 rton Power and Light Co. 
there have been for a number of years several automatic 
distribution stations in operation. These stations are 
of the outdoor type having reclosing circuit breakers in 
individual sheet metal houses. The breakers are 
equipped with a-c. motor-operated closing mechanisms 
and 24-volt d-c. trip coils. So much trouble has been 
expmenced with this type of control that no similar 
equipment is being considered for future installations 
except in special cases. The auxiliary switches are a 
perpetual soxu-ce of annoyance and the centrifugal 
closing mechanism has a tendency to lose its adjustment 
and cause the breaker to “pump” or else fail to close 
altogether. It has been decided that the future instal¬ 
lations of this nature shall include solenoid-operated 
breakers with a control battery or some similar source 
of supply. Since the cost of the solenoid mechanism 
is less than the motor mechanism, this compensates 
to some extent for the additional cost of the control 
battery. 

One of these stations was supplied through a tap 
connection on the double circuit 33,000-volt loop aroxmd 
the dty. Approximately two years ago this station 
was rehabilitated and 33,000-volt sectionalizing equip¬ 
ment was installed. At this time the control scheme 
was changed from automatic to supervisory which is 
operated from the dispatcher’s office approximately 
four miles distant from the station. The only source of 
trouble experienced on the, installation to date has been 
due "to interference by the telephone company from 
wWch the interconnecting wires are leased. Another 
point of some interest in this station as well as in auto¬ 
matic stations in general is the use of diverter pole type 
motor-generator sets for control battery charging. In 
ca^ of complete outage on the station it was found that 
this set could be automatically started and reconnected 
to the battery without any supervision. It is the prac¬ 
tise to float the motor-generator set across the battery 
at all times. 

In addition to the above stations this company has 
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been operating four automatic street railway converter 
substations for approximately ten years. A great deal 
of trouble was experienced with these installations as 
originally designed which was due principally to the 
t 3 ^s of relays installed. The old plunger and bellows 
types of relays were not as accurate or reliable as the 
present induction types and motor-operated timers. 
Practically all the original relays have been replaced by 
relays of later design and very little trouble from this 
soimce is anticipated in the future. In one station in 
which two converters were installed for parallel opera¬ 
tion considerable diflSculty was experienced in securing 
the proper operation and division of loads. This is an 
exanaple which shows the necessity for careful and exact 
^ecifications and design to secure similar characteristics 
in machines for this class of service. 

It is believed that the automatic station has proved 
itself thoroughly and that it has a definite application 
in the distribution of electrical energy on practically all 
systems. It is to the advantage of all to recognize the 
economies to be obtained by the application of auto¬ 
matic stations, and there has been enough experience 
obtained to fully establish their reliability and fiexibUity. 
There are a few items which should interest the manu¬ 
facturers and direct their attentions, towards improve¬ 
ment, such as, graphic meters, breaker-operating 
mechanisms, and some types of relays. 

It has been shown conclusively that the key to success 
in the operation of automatic stations is correct inspec¬ 
tion and maintenance of the equipment Recently a 
proof of this statement was brought very forcibly to the 
attention of the writer. On the distribution system of 
one of the subsidiaries of the company there were 
several small automatic stations which were not 
giving the type of service expected of them. All 
manner of trouble was being experienced with this 
equipment and the frequency and length of outages 
were becoming a source of great annoyance to all 
concerned. Upon an investigation of the situation it 
was found that there were no operators expecially 
trained to inspect and maintain these stations and that 
an inspection was made by any employee at whatever 
time he happened to be near the station. As a result of 
the long existence of this condition the automatic 
station was being blamed for the entire situation and 
was falling into much disfavor. Inspection can be 
overdone as well as underdone and it is only by experi¬ 
ence that the happy and sufficient medium can be 
attained. Maintenance and inspection result in a 
saving by minimizing the number of outages and 
damage due to incorrect operations and failure of equip¬ 
ment. The savings effected by inspection and mainte- 
nan^ beyond a certain point are often overbalanced by 
the increased operating cost. Finally, since continuity 
is the keynote of public utility’s service to its customers, 
the automatic station is recommended as a means of 
securing improved service continuity with a decrease 
in operating expense. 


Part n Toronto Hydro-Electric System 
By P. F. Ambuhl® 

Member, A. I. E. E, 

The rapid growth and expansion of the Toronto 
Hydro-Electric System from its inception in 1910 
resulted in numerous changes and extensions to the 
stations and distribution system to meet the constantly 
increasing demand for electric power. Some of the 
first stations were too small and more or Ipss temporary, 
making it necessary to rehabilitate these at a com¬ 
paratively early date. 

In 1920, coMiderable thought was given to automatic 
control for railway substations and superyisory control 
for transformer and switching stations. During the 
yeara l921 and 1922, two automatic railway substations 
and two supervisory control substations were installed 
on the Toronto system. 

The first automatic installation gave a certain amount 
of trouble when first installed, in that some of the equip¬ 
ment ^uired a considerable amount of attention and 
necessitated slight changes being made to certain parts 
of the equipment. After these weak qiots had been 
ehminated, however, the equipment gave satisfactory 
results. 

The first installation of supervisory control, unlike 
the automatic control, gave satisfactory results from 
the beginning, there being very little maintenance 
required on this equipment, which was undoubtedly 
due to the simplicity of the scheme used. 

After the first eighteen months aU automatic and 
supervisory equipments were giving satisfactory opera¬ 
tion and these results, together with information on 
more recent developments in this class of equipment, 
led the Toronto Hydro-Electric System finally to 
adopt the policy of locating moderate sized stations near 
the economical load centers and equipping them for 
automatic or supervisory control. Prom this tim ft 
forward all new substations were equipped for automatic 
,or supervisory control. 

All superv^ry stations are operated from the nearest 
manual station, the operators of which are under the 
jurisdiction of the system load dispatcher. 

At present there are installed on the Toronto system, 
five automatic and nine supervisory equipments, with 
three more supervisory equipments going in this year. 
All of the automatic stations were new installations, 
whereas ^o of the nine supervisory equipments were 
installed in old stations rehabilitated and equipped for 
supervisory control. 

Four different types of automatic and four types of 
supervisory control have been used by the Toronto 
system. 


2. Asst, to Chief Bngr., Torouto Hydro-Eleotrio System. 
Toronto, Ont., Canada. 
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AiUomatic Equipment. 

Westinghouse Automatic Railway Equipment. 

General Electric Co. Automatic Railway Equip¬ 
ment. 

Brown Boveri Automatic Mercury Arc Rectifier 
Equipment. 

Automatic Synchronous Condenser Equipment 
developed by the T. H. E. S. 

Supervisory Equipment. 

Westinghouse Synchronous Visual Supervisory 
Control. 

General Electric Distributor T 3 q)e Supervisory 
Control. 

General Electric Synchronous Selector Type Super¬ 
visory Control. 

Toronto Hydro-Electric System, Monowire Cable 
Type Supervisory Control. 

In addition to the above automatic and supervisory 
equipment, there is a Gamewell signaling system which 
is used for giving signals to the load dispatchers when 
switches automatically open in small unattended trans¬ 
former stations where supervisory control has not been 
provided. 

Source of Energy for Supervisory and Control 
Equipment 

Item 1—^In general storage batteries and motor- 
generator sets are installed as the control energy source 



Fia. 4j— Curves Show Number of Supbbvisobt and Automa¬ 
tic Stations as Compared to Attended Stations Since 1920 

and floating battery operation has been adopted as 
standard. In some cases, the motor-generator set is 
supervised, in others it is not. 

Item 2— Supervisory and CorUrol Circuits —^The cable 
used for supervisory control is’ lead-covered paper- 
insulated, impregnated and insulated for 1,500 volts. 
Each conductor is 16 gage and the cable is laid up in 
twisted pairs. All cable is underground and is privately 
owned; also it is used for a number of services such as 


supervisory control, telephones, telautograph services, 
remote and totalizing metering. 

The installation of supervisory equipment has in¬ 
creased constantly on the Toronto Hydro-Electric 
System as will be seen by referring to cmrves of Fig. 4, 
showing the total installations by years and taking 
into account the three stations which are now under 
construction. 

Operation 

The benefits derived from automatic and supervisory 
control have in general been quite satisfactory and are 
accepted today as efficient and economical features of 
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power distribution. This method of controlling sta¬ 
tions has, however, changed the whole aspect of the 
operating problem and is of such importance that both 
operating and manufacturing engineers are giving 
careful attention to the results obtained, with a view to 
mfllring further improvements in the methods of con¬ 
trol, and particularly the apparatus used in connection 
with such schemes. 

A great deal has been done during the last ten years 
in developing equipment of the desired characteristics 
to be coordinated into various schemes of operation as 
required by the apparatus controlled and which may be 
depended upon to give reliable operation. 

The rapid strides that have'been made in this class of 
equipment have not, however, enabled the manufac¬ 
turer to give all of his equipment a thorough test, 
particularly where time and certain operating conditions 
enter into the problem, and it, therefore, devolves upon 
the operating companies to make these tests over a 
period of time under the operating conditions for which 
the apparatus was intended. 

The best method of determining the reHability and 
efficiency of automatic and supervisory equipment is 
to try it out for a period of time under service conditions. 

While there is a number of properly coordinated, well 
designed ss^steins of automatic and supervisory control 
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in use, experience has shown that even though great 
care may have been taken in the manufacture of the 
equipment, certain weaknesses develop in service which 
have to be overcome. These are usually minor troubles 
which very often develop shortly after the equipment 
goes into sawice and can generally be rectified without 
any alteration to the equipment. It is important that 
proper maintenance be provided as the number of 
faulty operations may be reduced matmally if the 
maintenance men, looking after the equipment, are 


current-limiting resistors are immediately cut out. The 
controller then remains at rest and the convener oper¬ 
ates normally on load until the current supplied by the 
station falls below some predetermined value, when 
a low-current relay operates, starting the controller 
toward the off position, thus shutting down the station. 

Operating Results of Scheme A. Scheme A was first 
installed in the North Toronto station in 1922. This 
station was primarily used to boost the voltage on the 
north Yonge St. line and supply power to the car bams 


thoroughly familiar with the equipment from the be- 
giriTiiTig and are able to locate and correct the trouble 
immediately when it occurs. 

In order to give some idea as to how this equipment 
has operated, it is proposed to give a brief description of 
the various schemes of control used by the Toronto 
Hydro-Electric System and the performance of each 
over a period of years. 


Automatic Synchronous Converter Stations * 
Two schemes of automatic control for ssmchronous 
converter stations have been used by the Toronto 
system, the General Electric scheme in which a drum 
controller initiates the various operations in propw 
sequence, and the Westinghouse company’s scheme, m 
which these steps take place through the guidance and 
control of various relays and interlock which function 
according to a predetermined plan in a step-by-step 
fashion. The ultimate r^lts being the same in both 
cases, namely, that of starting up and shutting dovra the 
station as required. In both of these schemes, it is the 
practise to arrange for starting up on load deman^hich 
is determined by a suitable contact making voltmeter, 
and shutting down when the load is reduced to an un¬ 
economical point. In other words, when toe toolley 
voltage is reduced to a minimum amount by toe in¬ 
creased load, a contact making voltmeter enerp^s a 
relay which starts the sequence of operations for starting 

up the station. These will be referred to as Scheme A 
and Scheme Bin the paper. j„,rn 

Schme A. In Scheme A, a motor-operated 
controller is started through the action 
relay as mentioned above. This causes the high-tenaon 
breaker to be closed, eneigizing the transform^ ^d is 
followed by the closing of the a-c. starting switch, im¬ 
pressing sufficient starting voltage a^oss ^ 

bring the machine up to synctoonism. 
speed is reached, the converter fields are ^ 

small direct current generator, which is driven by the 
mot ^the drum controller. This 

method of obtaining corr^t J , running 

is then connected for self-exeitation and toe 
switch closed, impressing full voltage on the “machine 

-d giving -"f^^^^tLd^Cs'tcL 

if toe current taken by the machine is not excessive, tn 


across the street from the station. A 1,000-kw. con¬ 
verter was installed at first and a second machine was 
added later. These machine supplied power to the 
railway over six feeders, protected by automatic carbon- 
break circuit breakers. 

In addition to the current-limiting resistors which 
are automatically cut in or out as the load demands, 
these convCTters are also protected by a type JR high¬ 
speed circuit breaker connected in the negative lead to 
the machine. The equipment in this station has given 
very satisfactory results for over nine years though a few 
troubles have been experienced, some of which are 

enumerated below: _ 

1. When first installed. Nos. 2 and 3 timing relays 
gave trouble and were replaced by the manufacturer. 

2. The No. 30 field relay did not function properly 
and toe coil on this relay was changed, after which no 

further trouble was expaienced. . . - 

3. Some trouble has been experienced with the 
break-bands on the brush lifting mechanism breaking, 

making it necessary to replace these. 

4. An open circuit in the exciter generator, used for 
correcting polarity, caused considerable operating 
trouble before it was known that this was the cause. 
This was an intermittent trouble which was not appar¬ 
ent at all times. This was repaired, after which no 

further trouble was experienced. 

5 In addition to the above, vanous relays hate 
required adjusting and Ught repairs, though it cannot 

besaidtobeexeesave. ,. . 

The use of a drum controller, through which the 
various relays are energized in their P^^’^ 
has urobably helped to reduce relay contact trouble, as 
Sch\ device is very sturdy and the contacts of w^h 
are very reliable. The drum controller has also bwn 

; SStotSugnnoltlmpmvm^^^ 

’ ma.de on some of the devices which will still fmtn.r 

: redLthetroubleswhieharenowbeingexpene^^. 

1 
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machine then builds up in speed in the usual manner. 
During ,the time interval of starting, the polarity is 
checked and if found incorrect, is reversed automatically 
by slipping a pole. This is accomplished by means of a 
polarized motor relay, driven by a d-c. motor having a 
permanent magnet field and with the armature con¬ 
nected across the convater commutator. While the 
converter is accelerating, the voltage across the com¬ 
mutator is altOTnating and the relay motor armature 
merely tends to osdllate. As ssmchronism is ap¬ 
proached, the voltage merges into a direct current 
potential. The relay armature then revolves in one 
direction or another, dependent upon the polarity of 
the machine and turns a drum contactor. If correct 
poladty is obtained, by the order in which the contacts 
are closed, the starting contactor drops out, the run¬ 
ning contactor is closed and the brushes are lowered. 
If, on the contrary, the converter builds up with in¬ 
correct polarity, the relay again operates in such a way 
as to repeat this operation. 

When correct polarity has been obtained, the starting 
contactor is opened, the running contactor is closed, the 
brushes are lowered, and the d-c. switches are closed. 
This connects the machine to the load, through the 
current-limiting resistors which are then shimted out 
in steps by contactors which close through the function¬ 
ing of accelerating relays. The machine remains in 
operation until cut out of service by light load condi¬ 
tions similarly to that of the previously described 
scheme. 

Operating Restdts of Scheme B. Scheme B was in¬ 
stalled in the first automatic railway station in Toronto, 
the station being used for boosting the voltage on a 
long cross town line in the north part of the city. This 
equipment, to a large extent, consists of standard re¬ 
lays, together with a number of specially designed 
devices coordinated to give the proper sequence of 
operation. 

This station has been operating satisfactorily now 
for nearly ten years though numerous troubles wCTe 
experienced when it was first installed, requiring con¬ 
siderable attention and modification of some of the 
devices before satisfactory operation was obtained. 
Some of the principal troubles which occurred when 
this equipment was first installed are given below: 

1. Mica insulation broke down on grid resistors. 

2. Trouble was experienced with the latching relay 
on the E switch which was modified to eliminate further 
trouble. 

3. Trouble was experienced with the contacts of 
pallet switches controlling the main contactors, making 
it necessary to modify these devices, after which no 
further trouble was experienced. 

4. The contactor coils burnt out repeatedly and 
were finally rewound with a larger number of turns to 
avoid over heating. 

6. Converter bearing thermostats became inopera¬ 
tive, due to warping of the fiber plunger rods. 


6. Brush lifting motor burnt out, also the brush 
lifting mechanism gave considerable trouble. This 
mechanism was modified and the original motor re¬ 
placed with a larger motor, after which no further 
trouble was experienced. 

7. Considerable trouble was experienced with the 
contacts arcing over on the No. 7 polarized motor relay, 
which was also modified and the trouble eliminated. 

8. There was also a number of other minor troubles, 
the nature of which is not on record. 

Most of the above troubles occurred during the first 
year, though after they had been eliminated, the equip¬ 
ment gave very satisfactory operation. 

Beown Boveri Automatic Mercury Arc Rbctipibr 
Station 

In 1929 the Ossington Station was increased from 
1,000 kw. to 2,200 kw. by installing two mercury arc 
rectifiers in the station building and placing the trans¬ 
formers and switches outside. In this way, the station 
could be more than doubled in capacity without in¬ 
creasing the size of the building, and as the rectifiers 
did not require any special foimdation, it became only 
necessary to move the rotary converter with its auto¬ 
matic equipment into one of the larger stations where 
more railway machine capacity was required and set 
the two 1,100-kw. merctuy arc rectifiers on the floor 
of the Ossington Station. 

The completed station is a full automatic rectifier 
plant consisting of two 1,100-kw. nominally rated rec¬ 
tifier units. Energy is taken from a 13,200-volt, three- 
phase 25-cycle source and converted to 600 volts for 
traction service. Each rectifier and its transformer is 
capable of carrying the following load, based on the 
nominal rating of 1,100 kw. at 600 volts: 


Per cent 



load 

Amperes 

Duration 

100 . 


_Continuously 

150. 


... 2 hours 

200 . 

.3.666. 

... 1 minute 


Automatic Features. The automatic features can be 
roughly divided into four groups: Plant control, a-c. 
closing and reclosing, vacuum pump control, and the 
protective group. 

PJartt Consol. The rectifier plant is arranged to 
start and stop according to the demand. Either unit 
may be made the leading unit, the other one being 
switched in or out according to the demand on the 
first. The first feature is known as low-voltage low- 
current control, the second is the overload control. 

Another important automatic feature of the plant 
control is the lockout control. Shoxild the leading unit 
be in serious diflBculty it will be locked out and auto¬ 
matically transmit all signals received to the lagging 
unit which then becomes the leading tmit. 

It is also possible to start and stop the station or any 
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of its units manually, while retaining all other auto¬ 
matic features. 

A-C’ Closing and Reclosing. The rectifier is con¬ 
trolled through the oil circuit breaker which connects 
the unit to the a-c. supply. The circuit breaker is 
closed according to signals received by the a-c. closing 
and reclosing controls, all conditions being correct. 
Should the breaker fail to dose, the reclosing control 
will attempt to close it two more times at definite time 
intervals. If it does not close the last time, the rectifier 
will be locked out and the spare unit switched in if 
desired. 

The d-c. breaker is controlled by the oil circuit 
breaker through electrical interlocks. 

V acuum Pump Control. The vacuum pxunp is auto¬ 
matically controlled according to signals received from 
a contact making vacuum meter. 

Either or both the a-c. and the vacuum pump con¬ 
trols can be entirely cut out and replaced by purely 
manual control. 

Protective Features. The rectifier is protected against 
sudden and continuous overloads, high-voltage surges, 
high temperature, water failure and operation with poor 
vacuum. The d-c. breaker opens on reverse current. 

Operating Results. This rectifier equipment has 
given very satisfactoiy operation though some operating 
^uble was experienced when the apparatus was first 
installed. These are enumerated as follows: 

1. Insulator on excitation anode was found cracked, 
due to incorrect size and improper packing. 

2. Ignition coils burnt out several times, due to re¬ 
lay sticking. This was overcome by modif 3 dng the 
relay. 

3. Poor contact on control rday prevented the 
rectifier from being cut in. 

4. Trouble on overload relay contacts prevented the 
second unit from coming in. 

The above defects have all been remedied and no 
trouble whatever has been experienced with this 
equipment during the last ten months. It might be 
mentioned that this equipment has carried loads con¬ 
siderably in excess of 150 per cent load several times, 
without showing any signs of trouble. 

Wbstinghouse High-Speed Visual Supervisory 
Control System 

The Westinghouse high-speed visual supervisoiy 
control system is an all rday system embodying the 
principal of step-by-step sjmdironous selection. Apart 
from the control board, the equipment is mounted in 
two steel cabinets, one of which is located in the dis¬ 
patcher’s office and the other at the outlying station. 
At the outl 3 dng station there is also a number of inter¬ 
posing relays which serve to relay the signals from the 
relay cabinets to the units controlled. Four wires are 
used between the dispatcher’s office and the distant 
station. By means of two of these wires and a s 3 ti- 
chronous control circuit, selecting relays are kept in 
step and moved from point to point in a definite se¬ 


quence, that is, corresponding relays are operated 
simulfrmeously at the dispatcher’s office and outlying 
station. The remai nin g two wires of the trunk line are 
switched by the operation of these relays from one ap¬ 
paratus control unit to another. The apparatus units 
at the substation are connected to a set of selecting 
rdays and the dispatcher’s control keys and supervisory 
signaling lamps are connected to a similar set. The 
selecting relays must operate in synchronism at every 
step or not at all. 

]l^per lamp signals notify the dispatcher should the 
system cease to function. All apparatus is normally 
at rest. The cycle of synchronous selecting operations 
takes place when the dispatcher initiates an action or 
when an apparatus unit changes position at the out- 
Isdng station. 

Operating Results. The synchronous visual super¬ 
visory control described above has been installed in 
four stations of the Toronto Hydro-Electric System, 
the first being installed six years ago; the second four 
years ago and the other two, three years ago. This 
equipment has given satisfactory operation on the 
Toronto system, though it cannot be said to be entirely 
free from trouble. The troubles experienced in almost 
every instance are however of a minor nature and are 
usually found to be relays requiring slight adjustment, 
or contact trouble. 

Control-key contacts, battery equipment and fuse 
troubles also contribute to the cause of faulty opera¬ 
tions. There are some instances where certain relays 
cause more trouble than others. 

In the case of the Danforth station, as will be seen 
from the performance chart in Table I, forty-five cases 
of relay troubles were reported in five years, of which 
fourteen were due to latching relays sticking. Operat¬ 
ing records of the other stations using the same kind of 
equipment, though more recent, do not show the latch¬ 
ing relays to have given any more trouble than the other 
relays. 

There has been a number of faulty operations for 
which no cause was found, also a number of faulty 
operations has occurred which was found to be due to 
main apparatus trouble. 

G. E. Distributor Type Supervisory Control 

The disfributor type supervisory control was in¬ 
stalled in the Parkdale station in 1928. This was one 
of the early developments of supervisory control and 
uses a modification of the printing telegraph distributor 
and polanzed relays. The purpose of this distributor 
IS to minimize the number of connecting line wires 
between stations and at the same time allow the trans¬ 
mission of control and indicating impulses in a pre¬ 
determined sequence, thereby taking the place of two 
connecting line wires between stations for each switch or 
unit to be controlled and indicated. 

Conaderable trouble was experienced with this type 
of equipment due almost entirely to the distributor 
mechamsm. 
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TABLE I—PERFOEMANCE CHART 











Outages 





Supervisory 

Control 

Battery 




due to 

No. of 


Control 

Months 

relay 

key 

equipment 

Fuse 

Human 

Line 

supervisory 

operations 

Station Type 

positions 

in service 

trouble 

trouble 

trouble Trouble 

factor 

troubles 

trouble 

per year 

Market.T.H.E.S. 

....30. 

... 114... 

4 . 

...4. 

_2. 

.6. 

_1. 

_None. 

. 1.... 

..W 100 

Keele St.T.H.E.S. 

_17. 

... 102... 

.. 3 . 

.. .2. 

_.2. 

.1. 


_ 1 . 

. 1.... 

175 

Oarlaw.T.H.E.S. 

....18. 

... 11... 

5 . 

.. .2. 

_2. 

.2. 


_None. 

. 0.... 

400 

Danforth.... W.E.& M. Co 

....60. 

... 60... 

.. 45 . 

.. .2. 

_5. 

.2. 

_3. 

... .None. 

. 8.... 

.. 3,000 

Parkdale A. .G.E.Co. 

....46. 

... 21... 












\ 98t. 

.. .4. 

_1. 

. 

....3. 

... .None., 

.11.... 

., 300 

Parkdale B.. G.E.Oo. 

....46. 

8... 

2 . 

...0. 

_1. 


....2. 

... .None.. 

. 2.... 

.. 326 

Defoe.‘W.E.& M.Oo 

....30. 

... 53... 

9_ 

. . .1. 

_2. 

.1. 

-2. 

-None. 

. 8.... 

175 

John St.T.H.E.S. 

....30. 

... 18... 

2 . 

.. .1. 


.1. 

_3. 

_ 1 . 

. 1_ 

100 

Wiltshire A. .W.E.M.O 0 . 

....40. 

... 47... 

.. 10 . 

...3. 


.3. 

_0. 

... .None. 

.8_ 

.. 2,000 

Wiltshire B. . W.E.M.C 0 . 

....40. 

... 47... 

. .. 10 . 

...4. 

.4. 

.2.. 

_0. 

_None. 

.4_ 

200 

Stirling Rd. .W.E.&M. 

....30. 

...1931 









Glengrove.. .G.E.Co. 

....30. 

...1931 

Last three not yet in operation 






Duke & Geo. 


. . .1931 










♦Relays tDistributor 


The motor-driven distributors, one being installed at 
each end of the control system, are operated contin¬ 
uously and must be kept in synchronism if proper 
operation of the control system is to be obtained. Numer¬ 
ous faulty operations were experienced as a result of 
this part of the equipment getting out of order, and the 
matter of keeping this equipment working properly 
became so difficxilt that it was finally decided to have the 
manufacturer change this system to the more recent 
development known as the synchronous selector t 3 T)e of 
supervisory control. This change was made during the 
spring of 1930. 

G. E. Synchronous Selector Supervisory 

This new system which replaced the distributor type 
supervisory control in the Parkdale station is essentially 
a direct system of control and indication, using the 
familiar tyjw of rotary selector, such as used for auto- 
matic.telephones, which step in synchronism to transfer 
the control and indication line wires from one circuit to 
another as selected by the dispatcher. 

The relays, selectors, control keys and indicating 
lamps are more or less standard devices so coordinated 
as to insure a proper sending of control impulses and 
indicating the positions of the various units controlled. 

The synchronous selector S 3 rstem is divided essen¬ 
tially into three independent circuits designated as 
control, indication, and ssmchronizing. All three use a 
common return. The equipment at the dispatcher’s 
office is connected to the equipment at the substation by 
four line wires, all of which must be free from grounds. 
The dispatcher controls the supervised unit in the sub¬ 
station over the control circuit, and the indications from 
the supervised units are returned to the dispatcher over 
the indication circuit. The selector equipment at the 
outlying station is made to operate in synchronism with 
the selector equipment in the dispatcher’s office by 
means of current impulses sent over the ssmchronizing 
circuit. The principle of this scheme is very similar to 
that of the distributor t 3 'pe in that all control opera¬ 
tions are performed over four wires and distributed by 
means of sjmehronized switching devices at the sending 
and receiving ends. 


Results of Operation. This equipment has been in 
operation since April 1930 and has given very satis¬ 
factory operation. By referring to the performance 
chart. Table I, it wUl be seen that for the first eight 
months, only two troubles have been experienced with 
the relays—^both of which were minor troubles, and 
one with the battery equipment, which was due to the 
brushes of the motor-generator set sticking in their 
holders. 

T. H. E. S. Monowirb Supervisory Control 

Foiu* stations of the Toronto ssrstem use a cable sys¬ 
tem of supervisory control which was developed by 
the Toronto system and is called the “monowire su¬ 
pervisory,” since only one wire or channel is used for 
each unit controlled and two wires or channels being 
common to all controlled units. The monowire system 
differs from other cable systems used at present in that 
only one wire is used instead of two, for each unit 
controlled and indicated. 

Description. The principle of this scheme and mode 
of operation, will be best understood from the drawings, 
in which Fig. 6 is an elementary diagram showing the 
fundamental circuit. Fig. 7 is the circuit of Fig. 6 with 
indicating features added. Fig. 8 is one form of a com¬ 
plete commercial circuit, with additional alarm and 
safety devices added. 

All of the figures show control for one unit only. 
It is obvious that one or a plurality of similar controls 
may be used as required. 

In Fig. 6 two conunon buses, positive and negative 
(1 and 2) are energized from some source of voltage; a 
battery 3, is shown. These buses are continuous from 
controlling station to distant station and serve to 
energize all units which may be connected to them. Con¬ 
sidering the monowire unit as we may term it, a single¬ 
pole double-throw switch with terminals 4 and 5 serves 
to connect the monowire M to either of the two buses 
as desired, thus in turn energizing either of the coils T 
and C, depending on which polarity is closed across the 
switch. Thus if the two coils T and C are actuating 
coils controlling a circuit breaker it can be opened or 
closed depending on the position of the switch 4-6. In 
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practise the coils T and C are usually not continuously 
energiz^, and for this reason, and to eliminate a series 
connection between the coils T and C andthetwo buses, 
we insert in the circuits of the coils pallet switches 12 
and 13 for opening and closing in accordance with the 
operation of the breaker being controlled. Switch 12 
is closed when the breaker is closed; switch 13 is closed 
when the breaker is open. 

The circuit of Fig. 6 suffices for the mere operation of 
a circuit breaker, two operations being performed over 


CONTROLLING STATION. 

^ DISTRICT STATION 



Fig. 6 


the monowire M. Indication as to switch position is 
obtained by the arrangement of Fig. 7 in which like 
letters and numerals of designation refer to correspond¬ 
ing parts. While the coils T and C of Fig. 7 may con¬ 
trol a circuit breaker directly they are here shown as 
relays which .by means of contacts and standard control 
circuits, not shown, initiate the tripping and closing of a 
circuit breaker when energized. This arrangement has 
a number of practical advantages and enables one to 
adjust the electrical values of the coils T and C to the 
most favorable point for satisfactory operation, as dealt 
with below. 
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opening of the circuit breaker. A circuit also exists, 
when the circuit breaker is closed, from positive bus 1 
through 12, T, 14 and relay coil 6 back to negative. 
Relay coil 6 is thus energized and closing its contacts 
completes a circuit through the red lamp, thus giving an 
indication that the breaker is closed. While current 
for the energizing of 6 thus flows through coil T, it is 
not sufficient in amount to operate the relay T. In 
other words relay coils 6 and T are chosen of such 
differing values of resistance that 6 will operate and T 
will not when placed across the bus potential. This is 
an essential feature of this control scheme. 

Exactly the same sequence is gone through when the 
breaker is opened or opens by itself, the green light 
lights through relay 7, operating relay 7 being energized 
by a circuit from negative through 13, C, 14, and 7 to 
p^itive. A resistance 14 can be inserted in the mono¬ 
wire lead if desired so as to adjust line resistance to the 
proper value for correct relay operation and so ehabling 




Further, the control key 4-5 is shown as being of the 
telephone type. 

Relays 6 and 7 and indicating lamps R and G which 
may be colored red and green respectively are shown 
in Fig. 7. The manner of their operation is as follows: 

Assume that the control key 4-5 has been closed in 
the 4 position thus energizing the closing relay C and 
closing in the circuit breaker. On closure, switch 13 
opens and 12 closes, thus completing a circuit from 
positive bus 1 through 12-0 and 14 to contact 5 of 
control key, now open, and preparing the way for the 


the use of standard relays over var 3 ring digtanoo i c; 
The line resistance obviously varies with the distance 
between stations. 

While operation and indication of position is achieved 
by the ^ngement shown in Fig. 7 it is also desirable 
to provide for the giving of an audible or visible alarm 
should the circuit breaker or other equipment controlled, 
change position independently of the monowire control 
through protective relay action, etc. This is achieved 
in the arrangement shown in Fig. 8 where an additional 
indicating lamp W (white) together with additional 
contacts on the relays 6 and 7 are shown.. A hell B 
and bell key 8 are also showm. The bottom contacts 
on the control key 4-5 have also been connected up. 
In this arrangement the control key is of the locking 
type. 

The sequence of this additional alarm circuit is as 
follows: assuming that the operator desires to close the 
circuit breaker, he operates the control key 4-5 to place 
it in the closed position. When this is done the botto;m 
contacts on the key are also closed making two circuits 
from negative, through relay contacts on 7 to white 
lamp and to bell bus respectively.' Since at the instant 
of operation of key 4-5, the circuit breaker being open. 
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relay 7 is still energized together with the bell circuit, 
showing that key and breaker positions do not agree. 
The operator may if he so desires, eliminate the ringing 
of the alarm bell by depressing the bell key 8. 

The master key 9 has been added to eliminate 
malicious or accidental operations through inadvertence 
and the operator according to the scheme of Fig. 8, is 
required to operate the master key 9 to complete the 
operation desired and to send closing energy over the 
monowire M. Master key 9 also clears direct positive 
or negative potential from the monowire and so permits 
of the correct functioning of lamp relays 6 and 7. 

On the closure of the circuit breaker, relay 7 is de¬ 
energized through the pallet switch 13 opening, and the 
green light is open-circuited together with the alarm 
light W and the bell circuit, the red light circuit also 
being energized through the operation of its relay 6, 
this latter being energized through the pallet switch 12. 

Should the circuit breaker now open through over¬ 
load relay action or some other cause, relay 6 becomes 
deenergized and relay 7 energized, thus causing the 
red light to go out and the green one to light up as in 
Fig. 7, now, also the white one lights up and alarm bell 
rings. This gives the operator an audible warning of 
trouble and a glance at his key-board shows him that 
one particular circuit breaker is concerned through the 
signal given by its white light. He can then eliminate 
the ringing of the bell and put out the white light by 
moving the key 4-6 to the trip position so as to agree 
with breaker position. 

The bottom arm of key 4-5 has an upper contact the 
circuit of which is made through relay 6 to the white 
lamp, so that when the key is turned to the open position 
from the closed, with the circuit breaker closed, the white 
lamp gives an indication that the key in thispositionalso 
does not agree with the breaker porition. 

Thus, superimposed on the ordinary green and red 
light indication we are enabled over the one monowire 
circuit to provide an additional supervisory indication 
which shows when the control key does not agree in 
position with the controlled equipment at the distant 
substation and which also gives an audible indication of 
the independent operation of the controlled equipment. 

Operating ResvMs. This S37stem of control has given 
very satisfactory operation during the past ten years. 
There has been very littie trouble with the switch 
operations though a certain amount of trouble has been 
experienced with the signal devices. The reason for 
this is that there are no relays in the control circuit at 
the dispatcher’s office and only one relay, or perhaps 
two, at the outl 3 dng station; sdso there are offiy two 
contacts to be made at the dispatcher’s office and one, 
or in some cases two, at the outlying station for each 
(deration. 

The rdays used in this system are standard relays 
which have been tested under severe operating con¬ 
ditions and while they have not been free from trouble 


they have given very satisfactory operation. The 
operating results of the cable supervisory installa¬ 
tions will be seen from the performance chart. Table I. 
The very satisfactory operation of this scheme has 
resulted in its being used where the distance between 
stations was short and the total cost of installation, 
including the cost of supervisory cables, was less than 
other schemes using s 3 mchronized switches at the 
sending and receiving ends for reducing the number of 
wires. 

It might be mentioned that at the Market station, 
1^4: miles from the control station where a twenty-five 
unit equipment was installed, the total cost of the in¬ 
stallation, including supervisory cables, was paid for by 
the elimination of operator’s salaries in three years. 

This scheme has also been used for internal station 
switch control where a considerable saving in the cost 
of control cable and conduits was effected. 

General Remarks. By referring to the performance 
chart. Table I, showing the various kinds and number 
of faulty operations, of the supervisory equipment it 
will be seen that most of the trouble was due to faulty 
relay operation, a condition which one would naturally 
expect since the apparatus consists mostly of rela]^. 
The relay troubles are due to a number of causes such 
as residual adjustments, contact trouble, loose nuts and 
screws, dirt, etc., all of which are usually found to be 
minor troubles and are experienced more in some types 
of equipment than others. 

Trouble has also been experienced with control and 
contacts, battery equipment, poorly soldered joints, 
loose fuses, fuses blowing, etc., though troubles from 
these sources have been very few. It has been the 
experience of the Toronto ssratem that these troubles are 
usually not general but are due to certain weak spots in 
each type of equipment, which, after they have been 
rectified, give much more satisfactory operation. Ex- 
I>erience has also shown that the more recent equipment 
has given less trouble than earlier equipment, which 
would indicate that the manufacturers have, to a con¬ 
siderable extent, overcome the troubles experienced 
with the earlier equipment. 


Discussion 

SUPERVISORY CONTROL FOR A-C. ELECTRIFIED 

railroads 

(West and GRirpira) 

OPERATING EXPERIENCE WITH AUTOMATIC 
STATIONS 

(Stamper and Ambuhl) 

E* J« Rutans From these papers one gets a contrast between 
the opinion of a manufacturer in regard to the maintenance 
required on this type of apparatus, and the more definite state¬ 
ments of the user. There is no doubt but that a definite pro¬ 
gram of adequate, possibly frequent maintenance is required in 
order to have apparatus of the type covered in these papers 
function satisfactorily day in and day out. The method of 
developing the program and the costs are of interest. 
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The cost Umits have not been brought out by the authors 
but these in general, must not exceed the cost of operating 
a station with attendants. It would be of advantage if the 
authors gave some idea of the amount that can be economically 
expended for maintenance when consideration has been given to 
the additional capital investment involved in the supervisory 
and automatic equipment. A partial answer has been given by 
Mr. Ambuhl through his curve in Pig. 4, which shows that since 
1920 there has been a marked increase in automatic and super- 
visoiy stations, with a decrease in attended stations. Prom this 
it may be concluded that they must have found it economically 
feasible or such a continuous growth would not have occurred. 
Specific details in regard to comparative costs, however, would 
be welcome* 

The major difficulties which Mr. Stamper reports as repre¬ 
senting the chief troubles in the automatic stations are with 
graphic meters and circuit breaker, auxiliary switches, and 
mechanisms. These, I feel, should not be listed as difficulties 
chargeable to automatic stations, in view of the fact that such 
equipment has been in service on practically aU systems many 
years; long before automatic stations were attempted. If 
difficulty is experienced with equipment of this sort, either the 
available engineering knowledge has not been used in specifying 
the equipment originally, or the maintenance experience has 
not been utilized to keep such apparatus in proper condition. 
It is known that some types of graphic instruments are not as 
reliable as others, but there are instruments available which will 
give^ good performance from the time a new chart is placed in 
the instrument until it is necessary for the inspector to return to 
renew the chart. As far as auxiliary switches and circuit 
breaker mechanisms are concerned, it is felt that the experience 
in the industry is such that these devices, if of a properly specified 
design and good manufacture, can be maintained with long 
intervals between inspections and still be free from troubles so 
that they should not appear as troubles for automatic stations. 
The other difficulties which are listed are in line with those to be 
expected in connection with the operation of supervisory and 
automatic stations. 

In developing a definite maintenance program, the following 
suggestions are given: 

In connection with the installation of the equipment, the men 
who are to be responsible for maintenance should work along 
with the installation crew, and be responsible for the checking 
of the apparatus for proper functioning before initial operation. 
This insures that the men will have gained experience and knowl¬ 
edge of the equipment while testing for faults before operation is 
attempted. The maintenance schedule then can be set up on a 
rather frequent basis, perhaps weekly or bi-weekly. These men 
should be carefully supervised and should report in detail their 
findings on each type of relay and equipment. After a few 
months, a study of their data will show that certain of the devices 
can have the maintenance period extended to a month or three 
months. Following the same procedure on the new basis, it is 
possible to arrive at a program in which only a few of the imits 
may receive attention once a month, other units on a three 
months’ basis and some units may go for six months or longer. 
While this program is in operation, it would be desirable to have 
several men working in the crew so that by the time the final 
program is set up there would be available on the system a num¬ 
ber of employees capable of handling the maintenance work 
and emergency calls when they may arise. 

In connection with maintenance programs, I would like to 
urge on the technical committee a more definite effort to collect 
the operating experience of the various companies who may 
have supervisory control systems or automatic stations so that 
it may be made available more readily to all those in the Insti¬ 
tute interested in such problems. Those who have had experi¬ 
ence with such equipment know that a period of six months or 


a year, is required in order to know the weaknesses as well as 
the advantages of a system. It is then found that when a com¬ 
plaint is made to the manufacturer about the weaknesses, he 
has developed a new system which he would advance as the 
^swer to the troubles. It is necessary, however, to continue 
the maintenance of the system already installed. Conditions 
have been such in recent years that advancement has been so 
rapid that the maintenance experience which the operating men 
are obtaining on the various systems is not being made available 
quickly enough, and in a collective way, so as better to judge 
the engineering qualities of the newer developments w^hich the 
manufacturers advise us represent the last word, at least for 
that current year. 

As a definite program, I would urge the Automatic Stations 
Committee to consider collecting maintenance data and making 
a report similar to the manner in which information on the 
operation and performance of protective relays was collected by 
the Protective Devices Committee some years ago. I think 
such a program adopted by this committee would be very 
helpful to users and prospective users of supervisory control 
systems and automatic substations, 

C. E. Stewart: The use of lead-sheathed cable in under¬ 
ground ducts as applied by the Toronto Hydro Electric engineers 
makes an ideal arrangement for the functioning of any tj-pe of 
supervisory equipment. The line wire troubles as listed bj’’ 
Mr. P. P. Ambuhl in the performance chart attest to this fact. 
Maximum freedom from interference caused by mechanical, 
human, or electrical factors is obtained by this arrangement. 

In connection with this performance chart on four-wire sys¬ 
tems, it would be interesting to know if the relay troubles listed 
were in the common group of relays or associated with the 
individual circuit group. Also, were the outages listed as due 
to supervisory trouble actual outages on individual power 
circuits or does this represent the time the supervisory^ equip¬ 
ment was inoperative? 

The use of the monowire or direct wire system for short 
distances over privately owned wires is undoubtedly the most 
economical for first cost. Whether the sacrifice in fiexibility to 
meet future rearrangement of the supervisory equipment due to 
changed operating conditions, future growth, etc., offsets this 
advantage is questionable and must be determined by local 
conditions. 

Usually a reduction in line wires in supervisory systems is 
accompanied by a sacrifice in operating facilities in one form or 
another. This, I believe, is true of the monowire system de¬ 
scribed, in that no indication is given to the operator when a 
breaker trips instantly on overload, after being closed. Under 
such conditions an operator would not know, if the supervisory 
equipment failed to function or if the breaker actually closed and 
opened. 

A sincere attempt has been made in our commercial systems to 
incorporate this feature for the operator’s information. Infor¬ 
mation relative to line wire and battery voltage conditions is 
given to the operator in our selective systems. An expression 
of opinion from operating companies as to the actual value of 
these points should be interesting and valuable. 

The program of maintenance on automatic stations outlined 
by Mr. Stamper is without doubt one of the major reasons why 
this type of equipment is making such a fine record for itself. 
Kecognition of the necessity and the acceptance of responsibility 
for periodic inspection has been followed by a practical and sane 
program. To keep pace with the march of modern progress, 
practises in regard to maintenance have changed materially. 

In many industries there was a time when maintenance con¬ 
sisted chiefly of repair and replacement activities. Today more 
time is spent on •preventative maintenance. A point of perfec¬ 
tion will never be reached where it can be disregarded on auto- 
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matic switching equipments. Since the inception of these equip¬ 
ments, however, we have invested heavily in means to reduce this 
item of expense. Much progress has been and is being made in 
simplification of design and improved types of devices. Design 
progi’ess has necessarily been slow. For economic reasons 
devices and equipment designed for manual operation were first 
utilized in this new art. These have been modified and replaced 
as the principles of automatic switching of power apparatus have 
been learned. There is much yet to be done. By no means has 
the automatic station reached its highest point of perfection or its 
widest application. 

In reference to the difficulties on graphic meters, would it not 
be advisable to place these in the dispatcher’s office by utilizing 
the present developed types of telemetering equipment? It 
would seem that they would be more useful to. the power dis¬ 
patcher in such a location. They w'^ould then receive the atten¬ 
tion which the present designs are accustomed to receive in 
manually-operated stations. 

Much progress has been made within the past two years on 
interlock design and motor-operated breaker mechanisms, so that 
highly satisfactory devices are now available. 

In Pig. 2 a view of metal clad equipment is shown with asso¬ 
ciated relay and control equipment. Has this arrangement of 
mounting worked out satisfactorily? 

M, £• Reagans Mr. Stamper has advanced the argument 
that maintenance charts are, in general, not good for getting a 
complete accurate record of operation. This may largely 
depend on the type of form used. Some operators have found 
this to be the one method of obtaining good maintenance records. 
It would be interesting to get a resume of experience on different 
classes of automatic equipments. 

Messrs. Stamper and Ambuhl give interesting data on opera¬ 
tion. The outstanding fact that equipment gives more trouble 
when first installed is not entirely explained by making replace¬ 
ments with better equipment. It is true that each year sees an 
advance in the reliability of automatic equipment. More 
money is spent on factory test before shipment and the various 
sources of trouble are “weeded out” as experience is gained. 
The operating personnel maintaining the equipment is respon¬ 
sible for a large share of credit in getting better equipment per¬ 
formance after becomjng familiar with it. 

Garland Stamper: It is suggested by Mr. Rutan that the 
value of this paper would have been enhanced if a cost compari¬ 
son between automatic and- manual stations were included. 
This question was considered and it was decided that such a 
comparison was entirely beyond the scope of this paper. How¬ 
ever, a recommendation has been made to the chairman of the 
Committee on Automatic Stations that additional information 
be accumulated on this subject during the coming year. Such a 
study is of necessity so complex and involved with a study of 
the entire distribution system that it merits a separate consid¬ 
eration. 

Mr. Rutan objects, also, to the inclusion of graphic meter and 
circuit breaker mechanism troubles in the list of automatic 
station troubles. It is true that these problems were present 
before the advent of the automatic statioii and they are still 
present to occupy the time and attention of the operators. 
Since the trend of present day practise in maintenance is towards 
prevention rather than repair and replacement, it is felt that 
all those items which do cause trouble should be included in 
this list. It is true, however, that the design of this equipment 
has been improved to such an extent that this trouble is 
materially less than formerly. 

Mr. Stewart suggested that the graphic meters be replaced 
by telemetering equipment with the receivers in the dispatcher’s 
office. In the majority of cases this scheme is not feasible due 
to the cost of instalhng or renting the necessary interconnecting 
wires. 


Mr. Stewart questioned, also, the desirability of mounting 
relays and control equipment on hinged panels attached to 
the front of metal clad switching units. This arrangement 
saves space and is somewhat cheaper in first cost than a separate 
switchboard, due to the saving in control conduit and cable. 
The chief objections to this type of construction are: 

(1) Crowding of instruments due to the limited space. 

(2) Inconvenient mounting height on the larger units. 

(3) Danger incurred by the maintenance men, due to the 
proximity of high-voltage circuit breakers which ma 3 ^ fail on the 
occurrence of a feeder fault. 

F. F* Ambuhl: Mr. E. J. Rutan mentioned the necessity of 
adequate inspection and maintenance on automatic and super¬ 
visory control. 

On the Toronto System, we have found it essential to have 
specially trained men to do this work. One man is required to 
look after inspection of the automatic equipment and any work 
to be done, is done by maintenance men who are familiar with 
the automatic equipment. Two men are required for inspec¬ 
tion and maintenance of the supervisory equipment. These 
men are specially trained for inspection and maintenance and 
also work along with the construction men on all new installa¬ 
tions of supervisory control. 

As regards the economy effected by using supervisory control, 
it has been the experience of the Toronto System that after taking 
into account annual fixed charges on the investment, including 
the cost of cable between stations, also maintenance and repairs, 
the supervisory equipment vdll pay for itself in from three to 
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five years, (for stations such as used by the Toronto System) 
depending on the type and number of positions used; also on 
the distance between, and location of stations. 

In Toronto, two men are required on each shift, which with a 
relief operator, makes a total of seven men for each manually 
controlled station. This item alone has justified the installation 
of supervisory control in Toronto. 

Mr. C. E. Stewart has asked if the relay troubles listed were 
in the common group of relays or associated with the individual 
group. If I understand Mr. Stewart correctly, no trouble has 
been experienced with the rotary selectors and some types of 
relays in the common group of other schemes of supervisory 
control, though the troubles experienced are not confined to 
any particular group or circuits but vary in the different schemes 
used. 

On one scheme, the latching relay in the common group has 
given a great deal of trouble; also trouble has been experienced 
with residual adjustment and contacts in the individual groups. 

The outages, listed on tabulated report as due to supervisory 
trouble, are assumed as feeders or equipment temporarily out 
of service due to the inability of the operator to put such equip¬ 
ment in service by supervisory control, and which was found due 
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to defects in the supervisory equipment, thus making it necessary 
to send a man to the remote station to put the equipment in 
service manually or by rectifying the trouble. This sometimes 
happens when feeders or equipment are automatically tripped 
out and are ready to go back into service. 

Mr. Stewart’s comments concerning sacrifices in operating 
facilities are true in so far as the original monowire equipment is 
concerned. The lamp indication during switching operations 
agreed only with key position, irrespective of breaker position, 
since the operation of closing the control key automatically 
short-circuited one lamp relay and energized the other with full 
line potential. However, this objectionable feature has been 
overcome in the latest development, by providing each lamp 
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relay with a second coil, through which the monowire circuit is 
carried. (Fig. 1.) When the control key contact is. made, 
the ampere turns on the first lamp relay coil due to operating 
current, balance and oppose those due to the circuit made from 
bus to relay, to control key, to position key and thence to bus. 
Consequently no change in position occiirs, until the apparatus 
controlled has changed its position. The other relay of the pair 
which before was deenergized, is now excited with, mono wire 
operating current and so also remains in its original position. 
The moment the operating current is broken by switch closime 
or tripping, the auxiliary coils are no longer effective and the 
lamps change indication, thus giving an indication of the switch 
position at all times. 



Automatic Combustion Control 

BY C. H. SANDERSON' and E. B. RICKETTS' 

Fellow, A. !.£»]]!. Non-member 


Introduction 

HE successful application of automatic devices to 
power plant equipment for control of combustion 
has been veiy largely a development of the past 
ten years. During this period confidence in automatic 
operation was greatly strengthened by its success in 
other fields, particularly in that of the electric substa¬ 
tions and hydroelectric generating stations. Moreover 
its development and application has had wholehearted 
approval and assistance of engineers and operators 
due to the ever increasing urge for higher efficiencies 
and lower fuel and labor costs. 

Remote control of combustion equipment has become 
a necessity for the large modem boiler installations for 
much the same reasons that necessitate its application 
to the electric eqmpment. A boiler having a capadty 
in the order of 1,000,000 poimds of steam per hour may 
require as many as eight controls; two for induced 
draft fans, two for secondary fans, one for primary 
fan, two for excess pressure valves, and one for fuel 
feeder motors. This equipment is of necessity scattered 
over so wide an area that direct control would require 
six or eight men instead of one or two as when all 
contixds are concentrated at one point. 

Consider a large modem power plant having a num¬ 
ber of boilers, each with centralized hand control, 
attended by two men; close regulation of combustion 
will often require their combined effort. It is usually 
impracticable, because of space requirements and the 
nature of the control to concentrate it at one point. 
Therefore, the imagination will be put to little effort 
in visualizing the rdease of this small army of men 
from a tedious and exacting service by an apparently 
“made to order” application of automatic control. 
The word “apparently” is used advisedly as there have 
been and there still exist many problems in the per¬ 
fecting of the application. A brief review of the 
historical background, with its changes in apparatus 
and costs of fuel and labor, which has brought about 
the extensive modem application of automatic com¬ 
bustion control may be of assistance to a clearer under¬ 
standing of these problems. 

Historical 

The typical large boiler plant of thirty years ago 
presents to memory a multiplicity of small boilers, 
rarely exceeding 600 hp. in individual capacity. Be¬ 
cause of the small size of the apparatus, most of the 
auxiliary equipment such as dampers, blowers, water 

1. The New York Edison Company, 
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gages, etc. were within reasonable reach or view of 
the operator. 

The firing was largely done by hand, requiring a 
considerable munber of men for a given output. Men 
were normally stationed where they could easily make 
the few adjustments that were necessary. The fire¬ 
man was picked for strength rather than intelligence 
and his qualifications have been aptly stated as being 
“a strong back and a weak mind.” 

The boiler room was usually hot, dirty, and generally 
uncomfortable; a place where one would stay no longer 
than necessary. Viewing such a boiler room in the 
light of present day conditions one would be impressed 
by the almost entire absence of meters, gages, and 
other aids to good operation. The reaction would be 



of wonder that good results were ever obtained under 
such adverse conditions. 

When boiler tests were made, meters, gages, thermom¬ 
eters, and apparatus for gas analysis were temporarily 
installed and a number of test men continually watched 
conditions and made adjustments. With those aids, 
efficiencies were obtained which compare very favorably 
with those of today. When the tests were completed 
the instruments and test men were removed and the 
fireman was literally “left to his own devices” which, 
as previously mentioned were mainly conspicuous by 
their absence. He could know but little of what was 
going on in the boiler and could not devote much time 
to efficiency studies after shoveling 26 or 80 tons of 
coal during an eight-hour watch. It is therefore no 
matter for wonder that daily efficiencies obtained in 
routine operation failed by 10 per cent or more to equal 
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those obtained under test conditions. In spite of 
these handicaps, due to the prevailing low cost of fuel 
and labor, steam could be generated for about half of 
what it costs today. Therefore the present urge for 
higher efficiencies and lower labor costs was nonexistent. 



Fia. 2 —Outline of Engineer Co. System 


The earliest attempts at automatic control employed 
damper regulators actuated by steam pressure. With 
the development of automatic stokers and forced draft, 
regulators were applied to blower engines and to the 
maintenance of balanced or nearly balanced furnace 



Pig. 3—Outline of Leeds and Nobthbuf System 


draft. The earlier apparatus was very crude in its 
mechanical features, and had the bad habit of being 
either all “on” or ill “off,” thus producing a steam 
pressure chart having frequent and wide fluctuations. 

The next step in the development was a departure 


from these unreliable automatic devices in the appli¬ 
cation of permanent instruments to indicate draft and 
rate of coal feed, together with better facilities for hand 
control. Where hand control of the entire plant was 
centralized a considerable improvement was realized 
due to the uniform loading of the various boilers and 
to the much closer regulation of the steam pressure. 

The development of the modem boiler plant necessi¬ 
tates the consideration of large units where in many 
cases the auxiliary equipment may be located a hundred 
feet or more from the control point, and the use of large 
stokers requiring varying air pressure in their different 
sections, the use of pulverized fuel, gas and oil for which 
efficient operation requires closely coordinated regula¬ 
tion of fuel and air. The necessary complement of 
gages and meters for a single boiler has been very 
greatly increased while of economic necessity the num¬ 



ber of men has been reduced. The unit cost of labor 
and fuel has trebled in the last thirty years and conse¬ 
quently comparatively small savings in these items may 
justify the expenditure of material sums for new equip¬ 
ment to produce such results. 

Reasons for Automatic Control 
Because of the usually small amount of steam storage, 
fluctuations in station load are almost immediately 
reflected in steam demand; and if maximum effidency 
is to be consistently maintained these fluctuations in 
demand must be met by corresponding changes in fuel 
and air supply. When a multiplicity of boilers supply 
the same steam system any change in station load 
should normally be divided evenly between these 
boilers. If the operating force is sufficient in numbers, 
highly skilled and supplied with adequate instruments, 
resulte can be obtained with a well planned manual 
control which compare favorably with the best auto¬ 
matic control. However, the autoxnatic control is 
ever alert to perform its functions and its chief ad- 
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vantage lies in its ability to act simultaneously through¬ 
out the plant, thus permitting a reduction in the 
required number of skilled operators. 

Large modern boiler installations are commonly 
equipped with push-button type of remote control 
which represents probably the most easily aud quickly 
manipulated type of manually operated equipment. 
The cost of such a system represents a large portion of 
the cost of a complete automatic control system as it 
may be incorporated as a part thereof. 


1. Multispeed induction motor-driven fans. Driver 
control. 

2. Multispeed induction motor-driven fans. Driver 
and damper control. 

3. Multispeed indue ion motor-driven fans. Driver 
and vane control. 

Large modem boiler installations employing long 
stokers commonly require a supply of air at several 
different points at different pressures. This condition 
TwaVpg necessary the provision of several windbox 


AD.4PTING THE CONTROL TO THE INSTALLATION 
While control systems can be adapted to most any 
type of boiler auxiliary equipment, the smoothness of 





operation is often complicated by the inherent charac¬ 
teristics of the apparatus controlled. 

The ideal combination of control and auxiliary equip¬ 
ment is one which gives immediate response to a change 
in demand by delivering to the furnace a proportion¬ 
ately changed amount of fuel and air. Some types of 
^uipment are inherently capable of approaching this 
ideal more closely than others and an understanding of 
these characteristics will be helpful in an understanding 
of wha. may be accomplished with automatic conhol. 

Air Supply, Air supply control is usually actuated 
by draft at the boiler outlet. Some t3T)es of draft 
producing equipment can be controlled for smooth 
changes in small increments; others operate with large 
increments. 

Among the types of draft equipment producing, 
smooth changes are: 

1. Chimney draft—damper control. 

2. Steam-driven fans. Driver control. 

3. D-e. motor-driven fans. Driver control. 

4. Wound-rotor a-c. motor-driven fans. Driver 
control. 

5. Smgle-speed a-c. motor-driven fans. Damner 

control. ^ 

Among the types of draft equipment producing 
abrupt changes of relatively large magnitude are: 



Fig. 6—Example of a Bailey Contkol Panel 


1. Boiler meter with steam-flow 

—air-flow and furnace-draft 
contactors 

2. Feed-water meter 

3. Mtiltipolnter gage 

4. Boiler drum water level 

indicator 

5. Combustion-control selective 

switch for complete au- 
. tomatic control, partial 
automatic control, or push¬ 
button control of fuel, 
forced, and induced draft. 

6. Beheat-steam temperature- 

control switch for automatic 
or push-button control of 
the high-pressure steam 
valve to the steam reheater 

7. Fan- and feeder-motor switches 

8. Automatic control box for 

power-control safety valves 


9. Steam-pressure and feed-water 
heater pressure recorder with 
master pressure contactors 

10. Master control switch for com¬ 

bustion control system 

11. Reheat steam distribution con¬ 

trol switch for automatic or 
push-button control of the 
reheat steam di.sl>rlbution 
valves 

12. Boiler food-watcr-pumr) con¬ 

trol switches for automatic 
or push-button control f)P 
the pump motor drum 
controllers 


13. Feed-water 
switches 


piimp-nintor 


14. Steam header pressurf^ gage 


pressure controllers which may be adjusted either for a 
constant ratio or for varying ratios on the different 
s^tions of the stoker as the conditions may demand. 
SimilOTly, pulverized fuel installations may require 
individual regulation of the primary, secondary, and 
tCTtiary air pressures. 

In most systems of control involving the supply of air 
for combustion undCT pressure it is necessary to pro¬ 
vide an auxiliary control to prevent the occxurence of a 
pres^e above atmosphere in the furnace. This con¬ 
trol is actuated by furnace draft and usually functions 
as an emergency or readjustment mechanism on the 
forced draft fan. 

Many different t 3 T)ea of automatic control are avail- 
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able for application to the different systems used for 
producing draft or air supply. For example; in natural 
draft installations the automatic control is usually 
applied to the stack damper. For adjustable-speed 
motors and steam turbines the speed of the driver only 
is automatically controlled. 

In some pulverized fuel systems employing a unit 
system, it is necessary to introduce a time lag in the 
air supply equipment to allow for the interval between 



Fig. 7—Bailey Stbam-Flow-Air-Flow Contactor 

the increase or decrease in the coal supply to the mill 
and the time when this change in supply reaches the 
furnace. 

Air Meamrement. In a few cases it is possible to 
measure the air supply by means of an orifice or some 
other metering device installed in the air supply line. 
However, usually due to the fact that considerable 
quantities of air enter through openings in the furnace 
setting, it is necessary to base the air control on the 
flow of the gases of combustion rather than the air 
supply. The medium most often used for this control 
is the pressure drop through a bank of boiler tubes. 
When the tubes are reasonably clean this method of air 
control is sufficiently accurate for all practical purposes. 
When the tube bank becomes partially covered with 
slag, manual readjustment of the air supply controllCT 
is necessary unless an additional control connection is 
made with some form of CO 2 meter to provide auto¬ 
matic readjustment. 

Fuel Supply. Types of fuel supply equipment have 
a very marked influence on the quickness of response 
to a change in load and on the effect on combustion 
conditions of large abrupt changes in draft. 

A. The following types of supply equipment afford 
immediate response: 

1. Gas 

2. Oii 


3. Pulverized coal—^bin and feeder system 

4. Stokers carrying a heavy fuel bed 

B. The following types have a slow response (from 
one to fifteen minutes): 

1. Pulverized coal—unit system 

2. Stokers carrying a light fuel bed 

C. All types of fuel supply are adversely affected by 

large abrupt changes in air supply, the disturbance in 
all cases being more marked with water-cooled furnaces 
than with refractory furnaces. The effect on some of 
the more widely used systems is as follows: 

Conditions Effect 

1. Stokers with deep fuel bed Smoke and temporary loss in 

efficiency 

2, Stokers with light fuel bed Blowing bare spots on grates, 

loss in efficiency and ca¬ 
pacity over a considerable 
period 

Pu.lverized coal Possible loss of ig^nition 

Bin and feeder system 

4. Oil and gas Possible loss of ignition 

5. Pulverized coal. Probable loss of ignition 

Unit system 

Fuel Measurement. Where coal is the fuel the mea- 
surement of fuel supply is commonly derived from 
the revolutions of the fuel feeding mechanism, each 
revolution of which is assumed to inject a given quantity 
of combustible material into the furnace. Unfor¬ 
tunately, however, coal is one of those natural products 



Fig. 8—Regulator and Master Controller—Engineer 
Company 


Legend 

M Driving motor A Contact arm 

P sprocket wheel -B and C Contacts 

W Wheel on ratchet ^ Compensating hand screw 

C Center of pawl shaft ^ ““‘a®*® 

.0 or c 

S Solenoids Hjjjj 

T Boiu’don tube L Lever 

which is prone to wide variation in physical and chemi¬ 
cal characteristics which are reflected in the fuel 
value per revolution of the feeding mechanism. Conse¬ 
quently, correct ratio of fuel and air can only be main¬ 
tained either by occasional manual readjustment of the 
coal feeding mechanism or by an automatic air adjust¬ 
ment mechanism actuated by a CO. meter or a steam- 
flow—air-flow meter. 
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Sequence Interlocking of Control. In nearly all large 
modem boiler installations, it is necessary to provide 
sequence interlocking between certain of the control 
points. For example; it is usually necessary to provide 
that a shut-down of the induced draft fan will simul¬ 
taneously interrapt the coal feed and air supply and 
that the coal feeding mechanism will not over travel 
beyond the ability of the induced draft fan to take away 
the products of combustion. In many installations 
emplojdng pulverized fuel firing there is a low limit 
below. which combustion becomes unstable and a 
further reduction of coal and air feed might cause the 
fire to blow out. 

Wherever automatic combustion control is applied, 
each boiler unit is provided with a simple and ready 
means for changing from automatic to hand control 
as is necessary tmder emergency conditiqns such as 
the interruption or partial interruption of the supply of 
coal, air or feed water to an individual boiler. 

Control-Power Supply. To insure continuity in the 
operation of the control system, the supply of the 
medium through which the control impulses are carried 
to the various regulators must be positively safe¬ 
guarded by the provision of two or more independent 
sources of supply and a ready means of changing from 
one source to another. 

Pneumatic and hydraulic S3retems were originally 
employed but with the advent of electrically operated 
remote control, electricity has been adopted by a num¬ 
ber of manufacturers as the medium for automatic 
control. 



,Pi6. 6 —Electric Sending and Rbceiying Unit—^Enginbbe 

Company 

C Contacts L Lever for group adjustment 

The electrical control drives are designed to use 
either alternating or direct current at any voltage from 
110 to 250. 

Systems 

Probably no two power plants ever built were exactly 
alike. Comparison of any one vrith another as regards 
the detailed requirements of an automatic combustion 
control system reveals a surprising lack of standardiza¬ 
tion. Naturally the same is true of the control systems 
employed and therefore only a gmieralized performance 


specification together vrith brief descriptions of several 
typical systems wiU be given. 

In all systems a master controller transmits impulses 
actuated by steam pressure variations simultaneously 
to the various individual boiler control panels from 
which radiate the controls of fuel and draft. The con¬ 
trol performance is, in general, as follows: 

1. An increase in plant load causes an increased 
demand for steam and therefore a drop in steam 
pressure. 



Fig. 10—Control Panels—Leeds and Nobthrup 


1. Master controller 

2. Fuel-feed controller 

3. Air-flow controller 

4. Furnace-pressure controller 
5 Oombustion-rate indicator 

6. Oombustion-rate rheostat 

7. Selector switches 

8. Motor-generator fleld rheostats 


9. Motor-genei*ator starting 
switches 

10. Main control switch 

11. Fuel control selector switch 

12. Fuel control push-button 

station 

13. Voltmeter transfer switch 

14. Annunciator 
16. Voltmeter 


2. Changes in the steam pressure are converted 
into forces or impulses, which actuate a regulating 
device controlling the rate of fuel and air supply to 
the boiler in proportion to the load. Forces or 
impulses which are not linear are adjusted in the 
regulator. 

8. Since the regulator can only control mechanical 
forces which tmder normal conditions will supply the 
correct amount of fuel and air, variations from the 
assumed normal conditions must be compensated by 
changing the relation between these mechanical 
forces which supply either fuel or air so that the 
correct amount of each is supplied to the boiler. A 
furnace pressure regulator and a CO 2 recorder vrill 
detect and make adjustments for variations from 
normal conditions. These variations are caused by 
slagging or damp coal or an irregular supply of coal. 
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4. Controls can be set so that certain boilers 
maintain a constant output while other boilers 
take the variations, and can be provided with maxi¬ 
mum and minimum stops to limit the range of output. 

5. Control of any or all fimctions can be accom¬ 
plished separately or in groups, either directly or 
indirectly, as required by individual conditions. 

6. Some of the available s 3 rstems are provided 


continuously running motor driving a system of gears 
which advances or retards the equipment to be con¬ 
trolled in response to the impulse sent out by the 
contactor or push-button. 

In pulverized fuel or oil burning installations, the 
control drives are interlocked, so that when the maxi¬ 
mum capacity of the air supply has been reached an 
interlock prevents any additional fuel from being sup¬ 
plied and when the fuel supply has been reduced 
to its lowest limit an interlock prevents the air from 



Pig. 11 —^DrivbUnit—^Lebds and Northrop 


with audible and selective visual signals to indicate 

equipment failure. 

Bailey System. The master steam pressure contactor 
located at M, Fig. 1, is actuated by changes in steam 
pressure. Each boiler drum switch is energized by a 
"more" or "iess" contactor depending upon the load 
demands. Each boiler drum switch A, then causes its 
control units, the induced draft regulator B, the forced 
draft regulator D, and the fuel feed regulator JS?, to re¬ 
spond in the direction indicated by the master contac¬ 
tor. A continuously rotating cam causes the impulses to 
be sent out once each revolution. The speed of the cam is 
adjusted to suit individual requirements. Each regu¬ 
lator, controlled by the boUer drum switch, is changed 
in steps until the pressure is again normal. The forc^ 
draft ragulator D is also raadjiistod automatically by 
the furnace pressure regulator C so as to maintain 
constant furnace pressure or vary it with the load. 
Static pressure existing inside the furnace is obtained 
by a small pipe through the boiler wall at Ci. The 
air or fuel supply to each individual boiler is readjusted 
automatically to maintain the proper relation between 
them and is accomplished by using the steam-flow- 
air-flow relation of the Bailey boiler meter K as an 
indication of the amount of excess air being wr 
combustion. The steam-flow-air-flow contactor is fllus- 
trated in Fig. 7. Impulses received at the control dnve 
cause the various units to operate in steps and thus 
eliminate any hunting effects. Response to sudden load 
changes is inherently slow. A modem control panel 
is illustrated in Fig. 6. -i. 

The control drive (Fig. 1—B, D. and E) consists of a 


being further reduced. 

Enco System. The master controller shown at A, 
Fig. 2, is a steam pressure regulator of the weighted 
diaphram type and controls the amount of air supplied 
to the boiler by regulating (through regulator D) the 



Pig. 12— Control Panel—Smoot System 


1. Draft gages 

2. Air and oil gages 

3. Drum water level indicator 

4. Position indicator—feed water 

check valve 

5. Control—feed valve 

6. Air supply valve—manual 

control 

7. Transfer valves—manual or 

automatic 

8. Gages for eaualizing air supply 

to boiler master when 
transferring 

9. Air supply valve—automatic 

control 

10. Manual master rating control 
11* Majdmum rating control 
12. Minimum rating control 


13. Magnetic transfer valve for fuel 

feed—motor-generator set 

14. BoiJer master 

16. Voltmeters for generators sup¬ 
plying fuel feeder motors 

16. Fan speed indicators 

17. Transfer switches—^manual or 

automatic control of fans 

18. Solenoid operated transfer indi¬ 

cators 

19. Manual control for fans 

20. Manual control for fuel feed 

21. Steam pressure gage 

22. Steam pressure gage—^forced 

draft fans 

23 Emergency trip—air and fuel 
supply 


reed draft fan speed H or its dampers in steps until 
irmal steam pressure is iagain restored- This device 
illustrated in Fig. 8. Both forced draft and fuel may 

‘directly controlled if required. 

The furnace pressure is maintained at a constant 
alue by a balanced draft furnace pressure regulator 
whichV means of a damper regulator unit B controls 
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the induced draft fan or its.damper G and the fuel 
feeder speed E. A furnace pressure regulator is in¬ 
stalled on each boiler. Static furnace pressure is sup¬ 
plied by a pipe through the furnace wall. 

One.steam pressure regulator may be used to control 
any number of boilers or groups of boilers, or two or 
more steam regulators may be used for large instal¬ 
lations. 

An electrical sending and receiving unit, Fig. 9, is 
available for large installations and provides master 
control for any number of units from a central point. 
This equipment provides for almost any combination 
of control for the combustion process. Each boiler can 
be controlled as a unit or any number of boilers can be 
controlled automatically as a group from a master 
switch. 

This method of combustion control can be provided 
with hydraulically or electrically operated equipment 
and in either case the equipment can be adjusted so as 
to . keep the load on the various boilers within their 
minimum or maximum limits. 



Fio. 13 —Regulators—Smoot 
A. Standard regulator B. Speed regulator 


Leeds and Northmp System. A master electric 
control current is varied in response to changes in 
steam pressure by means of a master controller auto¬ 
matic rheostat located at M, Pig. 8. The master con¬ 
trol panel is illustrated in Fig. 10. The control current 
is supplied to the controllers on each of the boilers 
through the individual boiler panel A where the amount 
of current supply for each boiler is regulated by a 
rheostat. The control current is then balanced against 
the metered rates of fuel and air supply for each boiler 
at controllers K, C, and E. Contacts on these con¬ 
trollers control the rate of speed of the drive units B, 
D,F. ThedriveimitisillustratedinFig.il. Differen¬ 
tial furnace pressure drop measured at R and Ri is 
balanced against the control current in the air-flow 
controller. Piping through the furnace wall brings the 
static pressure to the furnace pressure controller where 
it also is balanced against the control current. How¬ 


ever, for the fuel feed controller no natural balancing 
pressure exists but one is obtained mechanically by 
means of a blower located at T. ■ The pressure thus 
produced is proportional to the feeder motor speed. 

Irregular action of the fuel feeders or quality of fuel 
may be corrected by fuel feed compensators controlled 



Fig. 14—Control Panel—^Hagan 

1. Impulse relay between sanding 3. Impulse indicators—fuel and 

and receiving unit for modify- draft 

tog impulse 4. Air, loading and 60-ib, air gages 

2. Selector switch (manual or 5. Ammeters for motors on fuel pul- 

automatic) verlzing eiuipment 



Fig. 15—^Primary Controller—Hagan 


by a fuel-air ratio rheostat. These devices are not 
shown. They readjust the fuel feeder speed. 

If the control, relay or motor circuit fails, an alarm 
sounds and the power is automatically cut off the drive 
imits. 
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Smoot System. The master controller M, Fig. 4, in 
r^ponse to steam demands, regulates the pressure on 
air loading lines which are connected to boiler masters 
B on each boiler. From each boiler master there are 
air loading lines to regulators (at B, D, and E) which 
directly control the induced draft fan or dampers G, 
the forced draft fan or dampers H, and the fuel feed 
motors F . A typical control panel for a large installa¬ 
tion is illustrated in Fig. 12. Each regulator (Fig. 13) 
is balanced against an air loading line and the force 
which it controls by means of a checking diaphram 
which is part of the regulator. Pressure at Ci is a 
measure of furnace pressure, and at <Sf is a measure of 
air flow. 

The checking diaphram of the regulator controlling 
the fuel feeder speed is provided with a self-contained 
speed governor, the speed of which is proportional to 
the feeder motor speed. Thus, the master loading 
pressure determines the value of the pressure, draft, or 
speed which is furnished at any instant. Any changes 
in steam pressure are rapidly transmitted to all regu¬ 
lators through the master controller and boiler master. 
By adjusting the valves in the air loading lines from the 
master controller M the load can be divided among the 
boilers as desired. The proportion of fuel and air sup¬ 
plied to any boiler can be varied by adjustment of the 
valves on the air lines from the boiler master. In case 
constant furnace pressure is desired the furnace pressure 
regulator is not master loaded but is balanced against 
a spring. 

Hagan System. An element directly responsive to 
steam pressure is mounted on the panel M, Fig. 5, 
from which a pneumatic impiilse is transmitted to the 
^veral boilers under control. The air in the ssrstem 
is maintained at approximately 60 lb. pressure. The 
proportion between the impulse and the steam pressure 
may be varied in the field. There is one boiler panel A 
(illustrated in Fig. 14) per boiler on which are mounted 
compensating relays by which manual control or a 
modification of the impulse to (and hence the loading 
of) that boiler may be obtained. A sending and receiv¬ 
ing unit is illustrated in Fig. 15. The impulse is trans¬ 
mitted to the induced draft regulator B and balanced 
against the draft taken at a given point such as S. The 
regulator B is of the mercury sealed balanced float type. 

A balanced furnace pressure (subject to manual 
modification or control) is maintained by the regulation 
of the forced draft fan speed H (and damper Hi). 

A balanced float controller, C, of the varying impulse 
t 3 T)e, responds to the furnace pressure and originates an 
impulse which is sent to the forced draft fan regulator 
D and to damper regulator Di, which adjusts the speed 
of the fans H and damper position Hi. The normal 
forced draft may be adjusted from the boiler panel as 
desired. 

The gas flow through the boiler is thus established 
and is measured by means of the pressure drop across 
the economizer at E and Ri. 


In order to detennine the rate of coal admission, two 
pressure connections B and Ri are taken to a coal feed 
controller E, of the balanced float ts^pe, which is pro¬ 
vided with a mechanism for adjusting the ratio of 
impulse to air flow. This impulse is then taken to the 
boiler control panel, modified as desired, and then 
transmitted to the coal feeder regulator F which adjusts 
the fuel feeder motor Fu 

A control for double boilers, having the following 
additional features is available: 

1. Speed of each induced and forced draft fan can 
be adjusted separately at the drum controller. 

2. Impulses from each coal feeder regulator are 
totalized before being sent to the coal feeder regulator. 

3. Forced draft dampers may be adjusted from the 
boiler panel independently as furnace conditions 
require. This is of special value in pulverized fuel 
installations where the air resistance or flame shape may 
be abnormal. 

Conclusion 

The question is often asked, what financial return 
may be expected from an. investment in automatic 
combustion control? The answer is infinitely more 
involved than the question. 

Savings in operating expense as high as 4 per cent 
have been reported. Rarely, however, has it been 
found practicable to make comparative efliciency tests 
on the same installation, operating with and without 
automatic control, to determine definitely, the annual 
saving in operating expense. 

As a rule, automatic control is seldom installed on 
the sole basis of a direct saving in operating expense. 
In fact its installation is often based mainly on resultant 
opemting advantages otherwise difiicult or even im¬ 
possible of accomplishment. Among the more impor¬ 
tant of these advantages are: 

The uniform loading of all boiler units. 

Instant response to changes in load. 

The supply of fuel and air in correct proportions at 
all times. 

A ready means of providing for safety of operation 
through sequence interlocking of auxiliary equipment. 

Discussion 

I. Melville Steins Referring to the statement at the bottom 
of the first eolnmn on. page 1379, which refers to poor steam 
pressure regulation obtained with the older forms of “on and off” 
regulators, it is not altogether correct to charge these older 
forms of regulators with producing poor pressure regulation 
because some of them produced very good pressure regulation. 
They were defective, however, in that the good pressui^e chart 
was obtained at the expense of very large changes in the draft, 
the result being that the air flow was always too large or too 
small, and either condition resulted in large losses in combustion 
efficiency. Of course, if these regulators functioned by changing 
the speed of a steam engine driving a fan instead of being directly 
connected to a damper, poor pressure regulation may have 
resulted, due to the lag iii the response of the engine, but this 
defect is not properly chargeable to the regulator. 
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On page 1380, the authors point out that automatic controls can 
1)0 arranged sat isfactorily to regulate rather complex installations. 
While this is strictly true, I should like to make a plea that 
installations be kept as simple as possible, rather than to follow 
the tendency to make them complicated just because automatic 
controls can handle complicated installations. In this connec¬ 
tion, the station auxiliaries involved in the automatic control of 
combustion could be designed or selected with the requirements 
of automatic combustion control fully in mind. It cannot he 
expected that the best automatic control installation can he 
made if these auxiliaries are designed just as they were prior to 
the advent of automatic combustion control. As specific exam¬ 
ples of the design of auxiliaries which cause trouble in applying 
automatic combustion control are the use of drum controllers 
on the motors of the draft fans which have too few steps and 
the use of stokers requiring a gear change in order to cover the 
operating range of capacity. 

With reference to the use of interlocks, as discussed on page 1382, 
it should be mentioned that in installations employing two or 
more unit mills per boUer, an additional interlock should be 
provided to prevent increasing the air supply beyond the upper 
limit of fuel capacity when one or more of the mills is out of 


service. 

In connection with electrical systems of control, I should like 
to point out that the type of drive unit usually supplied and 
shown typically in Fig. 11 of the paper is self-locking in the event 
of the failure of power supply; in other words, an unbalanced 
damper cannot drift to the full open or full closed position, but 
is held by the drive unit in the particular position which it has 
at the moment the power supply fails. 

An advantage of automatic combustion control which is not 
mentioned in the paper is its ability to show up operating diffi¬ 
culties, such as defective baffles, etc., before they would otherwise 
be detected. Under automatic control, the steaming rate of all 
boilers is stabilized, and if a particular boiler shows an erratic 
steaming rate, it will, in most cases, be found that some defective 
condition of the boiler or firing equipment is developing. The 
defect is thus anticipated before it causes au 3 ’’ real disturbance. 

T. G* Robinsons Some very satisfactory experience has been 
obtained with the Leeds & Northrup Company’s system of 
automatic combustion control (State Line) and also that manu¬ 
factured by the Bailey Meter Company (Powerton) and the 
Smoot Engineering Corporation (Waukegan). In two of these 
installations, automatic control was used in connection with two 
and three speed induction motors on the draft fans. While satis¬ 
factory" performance was had with both installations, there has 
been of late a desire to eliminate multi-speed induction motors 
with the inherent complications in speed changing switches and 
damper coordination problems. This led to the application of 
variable speed Rossman drives for draft fans.^ 

^ On a recent extension to one station, where three-speed induc¬ 
tion motors were formerly used, the general boiler control 
scheme was simplified considerably, due primarily to employing 
Rossman dnves on the draft fans. The Bailey Meter Company’s 
standard steam-fiqw-air-flow, and furnace pressure automatic 
controllers were used in connection with the Rossman simplified 
wheme of automatic control. With this control the standard 
Bailey drive units were not employed; instead, the electric 
impulses from the several automatic controllers were sent direct 
to the pilot motors on the rheostats for the adjustable-speed fuel 
feeder motors and speed regulating rheostats for the Rossman 


Recently a number of tests was performed on this installation 
for the purpose of determining the general performance of the au¬ 
tomatic control system. The results not only indicated reliable 
operation, b ut satisfactory performance as regards its ability to 


1. A New Si/sUm of Speed Control for A^C, Motors bv a Tv>r 

Rowman, Trans., A. I. E.B.. March 1931 . p. 162 ^ ^ 


maintain steam pressure, steam production, draft conditions, and 
over-all combustion efficiency. One very interesting test was 
made to see if the steam-flow-air-flow automatic controller 
might not be eliminated by depending on the relation between 
the time of travel of the speed regulating devices for the induced 
draft fan and fuel feeder motors. In this test only the furnace 
pressure automatic controller was used. This was employed to 
vary the speed of the forced draft fan to maintain automatically 
the predetermined furnace pressure. Results of the test showed 
that the steam-flow-air-flow automatic controller was necessary 
to maintain combustion efficiency, but indicated some promising 
possibilities in respect to coordinating the time of travel of the 
several speed regulating devices. 

With reference to the authors’ mention of interlocking 
sequences, we would like to point out an interesting application 
in connection with a recent boiler installation (Philo). Time 
delay relays were used, in the safety interlocking of the boiler 
auxiliaries, ranging from thirty second’s up to as high as two 
minutes. These were employed in the normal shutting down 
procedure between the pulverizer mill exhausters and tlie draft 
fans for the purpose of emptying the pulverizer mill and clean¬ 
ing out the fuel conduits to the furnace, and to remove the 
gases of combustion. 

We would point out that recent tests and analysis of one boiler 
installation in the Chicago area (Calumet), indicated an over-all 
increase in efficiency of approximately 4 per cent which corrob¬ 
orates the statement in the conclusion of the paper. There 
seems to be a need for more economic studies of this nal.ure on 
automatic combustion control systems. Of course, us the 
authors mention, the results will vary with each particular instal¬ 
lation. Although it is quite a difficult and tedious matter to 
integrate the savings due to the complex aggregation of variables 
in boiler installations and operation, some steps should bc^ taken 
to tabulate the results of each particiUar installation in order to 
secure a clearer economical aspect of the situation. 

T. A. Peebles: The statement “That if an operating force is 
sufficient in numbers, highly sldlled, and supplied witJi adequate 
instruments results can be obtained with a well planned manual 
control which compare favorably with the best automatic 
control,” brings to mind a large industrial plant of six unit.s 
burning two different fuels. This plant is operated under auto¬ 
matic control with two men on the firing floor and secniring the 
same results which the superintendent states f<ould be secured 
with a manual control system operated by twelve num. It 
would be possible to recruit and train the required ten extra men 
per shift or thirty in all, but the turn-over would be large because 
the training these men would receive would fit them fur soukh 
thing better. A plant operated in this manner would be in elToct 
a training school in which young engineers would spend a com¬ 
paratively short time as a preparation for advancement, but no 
one employer could hope to absorb into other departments the 
number of men who would become available. 

In a large central station, an eighteen-montli study of the 
relative merits of manual and automatic control convinced Uie 
management that in the operation of large boiler units, there are 
certain adjustments which can be made by machinerj^ to better 
advantage than by hand; an automatic control was installed. 

However, automatic control does not completely take the place 
of operative skill. Being machines, tlie control devif 5 es can do 
only those things put into them by the designer, wJio of necessity 
makes certain assumptions which are not always correct. As 
pointed out by the authors, the changing condition of the gas 
passages and variations in fuel introduce errors requiring manual 
adjustment. Even the steam-flow meter cannot always bo 
depended ‘upon to show the true condition, because the steam 
flow is a measure of what a boiler is doing only when the pressure 
is kept practically uniform and the flow of water to the boiler is 
proportional to the steam flow. All these variables combine to 
produce a condition that calls for continuous attention on the 
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part of a skilled operator, but sinee automatic controls take care 
of all adjustments required to meet varying loads and maintain 
desired draft conditions, the operator’s work is greatly simplified. 
Experience and judgment are required to interpret the indica¬ 
tions of the boiler instruments and make the correct adjust¬ 
ments, but one skilled operator aided by an autamatic control 
can burn a lot of fuel and bum it efficiently. 

. Enpneers considering the use of automatic control should 
keep in mind the authors’ statement that the cost of a remote 
manual control system represents a large proportion of the cost 
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of a complete automatic control. The manual controls must be 
grouped on suitable panels with indicators which enable the 
operator to determine at a glance the settings of the various 
control devices, and each valve, damper or rheostat requires a 
power unit for its operation. Such a system represents a large 
proportion of a complete automatic control. If the cost of 
manual control and the things it can do are carefully compared 
with the cost and performance of a complete automatic control, 
it will be found that substantial operating advantages may be 
secured at surprisingly low cost. 


AUTOMATIC COMBUSTION CONTROL 



Three Years Operating Experience with Miniature 

Switchboard Supervisory A^utomatic Control 

BY R. M. STANLEY^ 

Fellow, A. I, E. E. 


Inteoduction 

HE Ohio Falls Hydroelectric Station at Louisville, 
Kentucky, contains eight hydroelectric units, each 
having capacity of 13,500 hp. at 37 ft. head. The 
generator room is 44 ft. wide and 508 ft. long. The 
waterwheels are 5-blade propeller type avial flow 
runner, developing the rated horsepower at a speed of 
100 r. p. m. This t 3 ^e of wheel was selected because 
of its ability to operate under a range of heads var 3 dng 
from the maximum of 37 ft. down to 8 ft. Each gener¬ 
ating unit is complete in itself. Waterwheel, generator, 
exciter, governor, electrical control, oil and water 
supply, oil circuit breakers, etc., are individual to each 
generating imit and all related unit auxiliaries are fed 
entirely from that unit. 

A hydraulic control unit and an automatic electrical 
control unit are located near each generating unit. 
The electrical control equipment is similar to that used 
in all stations but in each case is placed inside of a sheet 
steel cubicle located adjacent to the governor. 

There is a centralized supervisory control miniature 
switchboard located in about the center of the plant 
with a multi-conductor telephone cable between the 



Fig. 1—^Miniature Switchboard 


miniature board and each generator control unit. The 
miniature switchboard is illustrated in Fig. 1. The 
pnerator switchboard—front view—in its steel cubicle 
is shown in Fig. 2; rear view—Fig. 3. A one-line 
diagram of the station generating and transmission 
buses and the 230-volt unit and station auxiliary 
buses is shown in Fig. 4. 

1. Elec. Engr., Byllesby Engg. & Management Corp., 
Chicago, III. 

Presented at the Summer CorwerUion of the A. I. E. E., Asheville, 
N, C., June SS-Se, 19S1. 


A description of- the engineering and construction 
features of this installation may be found in a paper 
by R. M. Stanley and E. D. Wood, A. I. E. E. Teans., 
March 1931, page 370. 

Miniatuee Supeevisoey Switchboaed 
The miniature supervisory board in some respects 
resembles a manually operated telephone switchboard. 
The arrangement of control keys and indicating in¬ 
struments on 4-inch panels places the control of all 
generators, transformer banks, etc., within convenient 
reach. The operator sits at this board with all of the 



Pig. 2—Generator Switchboard, Front View 


panels, controlling load, reactive voltamperes and 
voltage conditions of all generators within a distance 
of 2J4 ft. This results in closer supervision of gener¬ 
ating apparatus at the hydro, in better loading of 
machines, and better frequency regulation at such 
times when regulation is passed to the hydro. 

Aside from convenience and closer supervision there 
is another distinct advantage, namely, time is saved in 
performing operations when the plant is most needed 
and the item “human error” is controlled to a large 
e^nt. There is a considerable saving in labor cost 
since oiJy one operator is needed per shift, the yearly 
cost being 9,500 man-hours for three operators per 
twenty-four hours, including the relief operator. Apt 
young men of limited experience are entirely satis¬ 
factory for supervisory operators in this station. 

The time saved in putting machines on the bus is 
especially important during system disturbances and 
it is possible, when urgently needed, to bring a 13,500- 
hp. hydro generator unit up to proper speed and put it 
on the bus in one minute. Additional units can be put 
on in approximately thirty-second intervals thereafter. 
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Due to the speed with which units can be put on the 
bus at the hydro, it has become the practise to carry 
less reserve steam capacity when units are available at 
the hydro. 

Maintenance 

The miniature board is no more costly to maintain 
than any other type of switchboard. In fact, a com¬ 
parison of maintenance costs on a benchboard and 
vertical board with full si 2 ;ed instruments, control 
switches, etc., at Waterside Steam Station indicates that 
the maintenance cost and inspection of the miniature 
switchboard and automatic equipment is less. With 
the exception of the instruments, the board is made up 
of equipment similar to telephone equipment. Multi¬ 
conductor, lead-covered, telephone cable is used to 
connect this miniature board with the individual con¬ 
trol panels associated with each generator. The 
performance records of the miniature supervisory board 
for the years 1928,1929, and 1930 are given in tables at 
the end of this paper. This record shows the type of 
equipment associated with the miniature supervisory 
board, the approximate number of operations and the 
number of failures. 

There is very little cleaning to be done, the equipment 
being enclosed in a practically dust-proof cabinet. 
There is some small maintenance of the board such as 
cleaning control keys, contacts, etc., and renewing 
miniature lamps. The major portion of technical ser- 



Fig. 3— Generator Switchboard, Rear View 


vice required has been in the nature of checking and 
testing out new equipment. In general, it may be 
said that once the equipment has been properly in¬ 
stalled and adjusted, it remains so without constant 
maintenance. 

General Scheme op Control 
The general scheme of control is that the turning of 
a miniature control key at the miniature supervisory 
board sets into operation automatic relays associated 
with the unit being supervised. These automatic re¬ 
lays function in a predetermined sequence with the 


starting of generator, shutting down of generator, or 
making alive a transformer bank and synchronizing 
same with another system. Remote indication of the 
kilowatt load, reactive voltamperes and voltage on each 
generator is given on miniature instruments by direct 
connection through No. 19 gage, multi-conductor tele¬ 
phone cable to 1/1 insulating transformers and 5/0.5 
ampere current transformers. Indication of load, 
reactive voltamperes and voltage on transformer banks 
is given by means of Selsyn type miniature instruments 
on the miniature supervisory board. A brief outline of 



Pig. 4—One-Line Diagram op Generating Station and 
Transformer Buses and 230-VoiiT Unit and Station Auxil¬ 
iary Buses 


what takes place when a supervisory operator starts a 
unit will make clear where time and labor are saved in 
the control of this station. 

1. Supervisory operator turns a key which selects the bus 
and synchronizing method. 

2. Supervisory operator pushes button which gives starting 
impulse to the following operations: 

Governor oil pressure automatically maintained at all 
times. 

Brakes release automatically. 

Gates open to predetermined setting. 

Field applied automatically. 

Governor fly-ball motor transfers automatically from 
station supply to generator supply. 

Generator air cooling water system starts automatically. 
Machine synchronized automatically to bus selected. 

3. Supervisory operator regulates load, voltage, and reactive 
voltamperes. 

Shutting Down a Unit 

1. Supervisory operator backs down load. 

2. Supervisory operator gives stop impulse. 

Line breaker opens automatically. 

Field removed automatically. 

Gates closed automatically. 

Brakes applied automatically. 

Protective Equipment which Replaces Watch Operator 

Four bearing temperature relays. 

One water-cooling relay. 

One overvoltage relay. 

One governor low oil-pressure relay. 

Generator differential relays. 

Loss-of-field relay. 

PVom the foregoing it is evident that the automatic 
equipment is used extensively to replace manual oper- 
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ating duties. During 1928 (the first year the plant 
was operated) it was customary to test this equipment 
out completely every week because of the relative 
novelty of the installation. During 1929 tests were 
made monthly and now the equipment is tested only at 



—✓WWNAV'AAA/wvwvvvW 


Pig. 5—Self-Synchronizing of a 12,550-Kva. Generator— 

14 Kv. 

intervals of three or four months when it appears to be 
necessary to clean the equipment. 

Generators may be synchronized to the bus by two 
methods; first, through self-s 3 mchronizing equipment 
wherein the machine is brought up to speed, the arma- 



PiG. 6 Aotomatic Synchronizing op 12,550-Kva. 
Generator— 14 Kv. 


t^ is closed in on the bus and the field appbed instantly 
thereafter. Second, automatic S3mchronizing relays 
may be which closely approximate the manual 
method of synchronizing, that is, the speed of the in- 
coming machine is regulated to match that of the 


running machine and, when the phase angle between 
the voltage of the two machines is satisfactory, the 
machine is closed in on the bus. Each method has its 
advantages. The self-symchronizing method is faster, 
requiring about one minute to bring a machine up to 
speed and synchronize. This method is generally used 
when the system capacity is large and the head of the 
river is above 20 ft. It has a distinct advantage over 
automatic synchronizing in that, during periods of 
severe system trouble when the frequency starts going 
down due to loss of generator capacity, it is possible to 
self-synchronize a unit and have it pull in step with this 
lower frequency. From oscillograms made at the plant 
(see Figs. 5,6, and 7) the current taken by the armature 
varies from one and one-half to twice normal. This 
dies down rapidly and generally reaches normal value 
in ten cycles and there is a slight dip in system voltage 
at the Waterside Steam Station equivalent to about 




Pio. 7 —Load Rejection Test 


one volt on 110-volt basis. The automatic s 3 mchro- 
nizing equipment is used when the output of the hydro 
is small due to low head. Synchronizing takes longer 
but is very exact. The majority of the synchronizing 
operations with this equipment requires from two to 
three minutes from the time the unit is started. 

At first it was also considered possible that the self- 
S3inchronizing method might not.be satisfactory due to 
the "bump” given the ssrstem when closing the gener¬ 
ator oil circuit breaker and only one ma cbina was thus 
equipped. However, subsequent operation of the 
waterwheels has been so satisfactory that the other 
seven ^ machines have been equipped with self-syn- 
cluonizing equipment and this method is used whenever 
it is considered desirable, as outlined in the foregoing, 
and the self-synchronizing method is now considered 
preferable. 







December 1931 MINIATURE SWITCHBOARD SUPERVISORY AUTOMATIC CONTROL 


1391 


TABLE I—TABULATION OP DISTURBANCES 



No. 1 

No. 2 

No. 3 

No. 4 

No. 5 

Cause of disturbances.. 




Lightuiag tio lino 

. Yes . 

Trans, failuro 

Outages—tie lines relayed.. 

. Yes 

V/ia 

13-lcv. feeder 
Yhs. 

... High & low 

Generators on bus. . 

ft 

K 

1 

2. 

O. O. B. 

. 2 

Generators shut down bv dist. 

. g.. _ 


1 

. 2. 

. 2 

Load on station. 

.80,000 

^>7 800 

A oqo 

. . . 16.800. 

.8..000 

Load dropped. 

___ 80 non 

O'? Knn 

A non 

lA.ftOO . 

. S.fiOO 

Performance of Automatic Equipment 


^nerator overvoltage relay.Operated to shut down unit (same as No. 1) 

Master conti^ol circuit Interrupted. Automatically 

Generator oil ^ult breaker.;; ] iopened automatleaUy 

Generator field.Removed automatically 

Governor solenoid.Deenergized 

Waterwheel gates.Closed automatically 

Brakes..Applied automatically 

Supervisorji^ indicating lights.O. K 

Supervisory generator control key. !.!!!.!!!!.!!!! Tum^ manually 

Station aux. supply transferred.Automatically to emergency source 

Station power and lights.O. K. 

Restoring Service 

Tie lines oil circuit breakers.Closed from supervisory board 

Generator starting Impulse.Given by supervisory operator 

Master circuit complete.Through starting impulse 

Governor solenoid.Energized automatically 

^ake released.Automatically 

Waterwheel gates opened.Automatically 

No. of generators syn. manually.4.2.1 

No. of genemtors automatic. 4 . 3., '.l . 

First generator on bus in.2 min. !..! .3 min*.... On only H min. 

Last generator on bus In. 4 rain .4 min.. .3 min.Trouble still on lino 


Reference is made to Table I which gives the per¬ 
formance record of equipment associated with super¬ 
visory control. The first item—telephone cable- 
consists of lead-covered No. 19 gage, double paper 
insulated telephone cable. Impulses are sent from the 
supervisory hoard over this cable to the generator 
cubicles located near each generator. Relays located 
in the cubicle receive the impulse and set automatic 
equipment into service. Supervisory impulse current 
varies from 0.2 to 0.6 ampere, the voltage impressed 
being either 60 or 125 volts direct current. 

Over a period of three years there have been no 



Fig. 8—^Appearance op Keys 


failures in the cable conductors. Each one of the 
multi-conductor, lead-covered telephone cables has a 
few spare conductors so that failures can be taken care 
of readily and the system can be expanded if desired. 
Push-buttons used for control of load and voltage are 
similar in construction to telephone jacks; ^ring con¬ 
tacts complete the circuit to the generator cubicle 
where small contactors operate to regulate frequency 
or voltage. Rotating type keys, similar to telephone 
equipment, are used for giving the starting impulse, for 
selecting the bus to which the generator is to he syn¬ 


chronized, either main or auxiliary, for selecting the 
method of synchronizing, either automatic or self, and 
for opening or closing oil circuit breakers. Fig. 8 
shows the appearance of the keys. The number of 
operations shown in Table 11 has been estimated from 
the total machine hours which are recorded in the 
station log. 

A few cases of trouble were experienced and traced 
to insufficient spring tension. Thereafter the spring 
tension was adjusted on all keys and no more failures 
have occurred. Three telephone lamps give the 
supervisory operator an indication of the position of the 
equipment; green for deenergized, red for ener^zed, 
and white indicating that the position of the control 
key does not agree with the position of the equipment. 
Thus, during an outage, the green and white lamps 
api^ar, showing that the equipment has taken an open 
position. The supervisory operator, then turns the 
control key to the open position which extinguishes the 
white lamp, leaving the green lamp burping. Polarized 
relays rei^ive the supervisory impulse originating from 
the rotating ts^pe keys on the miniature hoard. These 
keys being 2-position keys give an energized signal or a 
deenergized signal to the polarized relays. The anna- 
ture of the relay, in turn, moves to the energized or de¬ 
energized position. These relas^ function, (1) to open 
or dose the master control contactor; (2) complete the 
circuit for the method of synchronizing selected—either 
automatic or self; (3) give to the S 3 mchronizing equip¬ 
ment the control of the generator breaker selected— 
either main or auxiliary; also complete the circuit for 
lamp indication. 

Throughout the years of service shown on the 
























































STANLEY 


tabulation, there has been only one case of trouble 
w^ch was somewhat unusual. This trouble developed 
when relays were subjected in summer to an ambient 
temperature of 50 deg. cent, and the compound with 
which the coils were impregnated tended to vaporize 
and deposit on the armature, causing sticking in one 
position. This type of coil was changed and no further 
trouble experienced. A glass cover makes this relay 
practically dust-proof and very little maintenance is 
requued. 
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l^IiE II SUPERVISORY BOARD PERFORMANCE RECORD 


meters can be read sufficiently accurately for all prac- 
tic^ purposes. The generator meters are calibrated to 
divisions of 500 kw. while the transformer instruments 
are calibrated in divisions of 3,000 kw. 

Generator Protective Equipment 

Overspeed Device No. 12. The overspeed device 
(Pig. 10) is centrifugally operated and is direct-con¬ 
nected to the shaft of the unit, being mounted above 
the exciter which in turn is above the generator. This 


No. to service 


Equipment 

3,000 ft. of telephone cable. 


Operations per year 


Failures 


.Push-button control load & voltage. 80.000 2 

90,000 ..,..,! 2 

74,000 None 

.Telephone type control keys. 6,022 2 

5,600 ..!!!!! 10 

4,750 None 

.Polarized telephone relays. 9^948 3 q 

8,300 .,.,.. * 5 

7,590 None 


.Voltage* load control contactors.SO.OOO . None .None 

90,000 . « « . « • 

74.000 . « .!!!,!!.*! '* .. « * 

.Generator meters. ky..kw.&r.kva.122.676 hr.% accuracy. 2 None 

136.246 hr. of full . 2 « 

101,715 hr. »Scalel% .None.. . . « 

^.. 33.728 hr. % accuracy.None. None 

—_____29.712 hr.Scale 1 H%. !!!! “ !!!!!!!!!!’ « * 


Trouble chg. to 


Manufacturer 


operation 


No trouble 


.None. 2 . 1928 

• “ . 2 . :...1929 

.None. 1930 

2 .None. 1928 

•None. 10 1929 

• “ None. 1930 


• 30 None. 

. 6 . « 

.None. « 


None. 1928 

" 1929 

" 1930 




■k 




III 




■fr-, , 
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Fig. 9—Type of Contactob 

Kg. 9 shows the type of contactor used for load and 
voltage control. These contactors are energized di¬ 
rectly from the push-button key on the supervisory 
board; there has been no trouble experienced. The 
mimature supervisory switchboard instruments are 
approximately half the size of typical benchboard 
instruments, the scale deflection being 3 inches. These 


Fig. 10—OvEBSPEED Device No. 12 

device is similar to those used in many other hydro 
pl^te. A speed of 131r. p. m. for operation of this 
umt IS selected as being sufficiently above the speed of 
127 r. p. m. which the unit attains when full rated load 
IS rejected. A unit shutdown does not take place in 
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case of momentary rises in speed but only in case of 
sustained overspeed due to improper governor action. 

Overvoltage Relay—Device No. 59. An induction 
type relay which functions to shut the machine down on 
a sustained voltage of 16,500 volts, normal generating 
voltage being 14,000 volts, functions in 0.8 of a second 



Pig. 11 Govebnob Oil-Pbessubb Rebats—Device No. 63 

and, as it operates on an inverse time characteristic 
curve, voltages of higher magnitude will cause the relay 
to function in less time. This device only functions to 
shut the unit down in case the generator is tied in on the 
bus so that, in case of overvoltage resulting from the 
generator oil circuit breaker opening and dropping all 
the load, the unit will not be shut down unnecessarily. 

Governor Oil-Pressure Relay—Device No. 68. The 
governor oil-pressure regulating gages and relays are 
shown in Pig. 11. The upper or A gage holds the oil 
pressure between 145 and 165 lb. by starting and stop¬ 
ping the oil-pressure pump electric motor while the 
generating unit is shut down. When the generating 
unit is started up, a pilot relay causes the oil-pressure 
pump to run continuously, oil pressure being regulated 
by means of a by-pass regulating valve which holds the 
on pressure between 155 and 175 lb. The B gage func¬ 
tions an auxiliary relay to shut the unit down in case the 
oil pressure should drop to 136 lb. The hand reset on 
this device will not hold in until the pressure is 140 lb. 

Generator Phase Unbalance Relay—Device No. 51 G, 
The device consists of a low-current, inverse time 
characteristic induction-type relay connected in the 
generator current transformer neutral. 

Lignum Vitae Bearing Cooling Water Relay. To 
protect the lignum-vitae thrust bearing from damage 
due to failure of water supply, a contact closing device— 
normally held open by flow of water to this bearing— 
is installed on the water supply line. Water must be 
flowing to this bearing before the master circuit can be 
completed and the unit started up and likewise, if 


the water flow stops while the unit is in operation the 
master circuit will be interrupted and the unit shut 
down. Trash collecting in the screen at the entrance to 
the cooling water supply line has caused this device to 
function satisfactorily. 

Bearing Temperature Relays—Device No. 88. One 
relay furnished by the generator manufacturer protects 
the generator bearings. A contact m aking thermom¬ 
eter (Fig. 12) furnished by the waterwheel manufac¬ 
turer protects the intermediate guide bearing. Both 
operate at 65 deg. cent. One operation in 1929 shown 
in Table IV charged to vibration, was caused by an 
attendant striking the relay with a dusting mop and 
causing the relay to jar closed. 

Loss of Generator Field Relays Nos. 10,10-X and 10-Y. 
This relay is connected in series with the generator field 
circuit. In case of failure of generator field current, 
contacts on this relay close, energizing an auxiliary 
contactor No. 40-Y. This in turn closes contacts of a 
time delay induction type voltage relay, device No. 
40-X, shutting the machine down. Operation of thig 
device in 1928, shown in Table IV, was caused by the 
operating coil on the main field contactor burning out, 
interrupting the field circuit. 

Ground Protective Relay Deviee No. 61. An instan¬ 
taneous hand reset relay with its operating coil com¬ 
pleting the connecting circuit between the generator 
frame and the station ground bus is shown in Fig. 13. 



Pio. 12 —Thbbmombteb Ttpb Bbabing Tempebatueb 
Relay—^Device No. 38 

The relay shuts the machine down in case of a flashover 
to the generator frame or the grounding of the generator 
vdnding. Operations in 1928 of this device charged to 
vibration were caused by construction work in progress 
at that time. In 1929 two operations were caused by an 
electric welder accidentally passing the welding current 
through the relay coil. 

Differential Relay Protective Eguipment Device No. 87. 
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Dining 1931 all eight generating units will be equipped 
with differential relays. As the generators are operated 
either two-circuit wye or single-circuit delta connection, 
depending on head conditions, two sets of differential 
relays will be provided per generator. These relays will 



Fio. 13 —Gbovnding Relay—^Dbyicb No. 64 

shut the unit down in case of a phase-to-phase fault in 
the generator stator winding. 

White and red signal lamps are mounted on top of the 
generator, the white lamp burning when all temperature 
relays, ground relays, and loss-of-fieldrelaysarenormal. 
If they are not normal, the white lamp is extinguished 
and the red lamp lights. 


protective devices which interrupt this circuit either 
directly or indirectly. 

In starting a unit, this master circuit, provided all 
protective devices are in a normal position, is com¬ 
pleted through the master contactor which is energized 



Fig. 14—Qovbrnob Pilot Relay Solenoid— 
Device No. 65-S 


during the starting process by the supervisory board 
operator turning the starting control key to the “start” 
position. The devices which make up this master 
circuit are listed in Table III. A lock-out hand reset 
relay operates to interrupt the master circuit when any 


TABLE III—^PBEPORMANOE RECORD OP GENERATING EQUIPMENT 


No. in service 


Equipment 


Oper. per Hours in 

year service Failures 


Trouble chg. to 

Mfg. Eng. Oper. 


Year 


8.Governor oil high-pressure gage .40,892.4 relays.Coils.None.None.1928 

relay. 45,415. None.None. " “ 1929 

.33,905. “ “ “ “ 1930 

8.Gov. solenoid oper. waterwheel 2,966.40,892. None .None.None.None.1928 

gates.2,504.45,416. " . “ . “ . « .1029 

2,180.33,905. . “ . " . “ .1930 

8.Gen. field contactor oper.2,966....40,892. 1 .1 coil .None.None.1928 

2,604.45,415. None None. “ “ 1929 

2,180.33,905. “ “ “ « 1930 

8.Gov. fly-ball auto, transfer, sta. 1,483.40,892. None None.None.None.1928 

aux. to unit aux.1,252.45,416. “ “ “ « 1929 

1,090.33,905. " « « “ ......... 1930 

8.Generator cooling water pump.1,483.40,892. None .None.‘.None.None.1928 

1,262.45,416. “ “ " « 1929 

1,090.33.905. " « " « 1930 

8.Generators put on line.1,483.40,892. 1 None. 1 None.1928 

1,262.45,415. None . “ .None.... “ .1929 

1,090.33,906. « " « « 1930 

8.Generator bralce valve solenoid.2,966.40,892 8 None. 8 None.1928 

2,604.46,415. 6 . “ . 6 .!. " 1929 

___;_ 2,180.33,905. None .. " .None.. “ .1930 


Master Control Circuit and Equipment. In order to 
start and operate a generator, it is necessary that the 
master control circuit be a complete electrical circuit 
from the positive to the negative control bus. This 
circuit is composed of various devices other than the 


of the temperature rdays, thermometers, ground relay 
or loss-of-field relay function. 

Protective devices that interrupt the master circuit 
directly are the overfeed device and the low governor 
oil-pressure relay previously described. The protective 
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devices that shut the unit down by indirect operation 
on the master circuit, other than by means of the 
lock-out rday, are the overvoltage rday, phase un¬ 
balance relay, and differential relays. These last three 
rdays function by short circuiting out the holding-in 
coil on the master contactor. Deenergizing of the 
mastCT contactor, in turn, breaks the master circuit, 
shutting the machine down. 

The governor pilot relay solenoid, as shown in Fig. 14 
is connected directly in the master control circuit. If 
the solenoid coil is energized by the completion of the 
mast^ circuit, a pilot valve is opened on the governor, 
permitting the governor to fimction in a normal manner 
to regulate the waterwheel gates. If this solenoid coil 
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is deenergized, the pilot valve causes the waterwheel 
gates to close and the generator oil circuit breaker is 
opened automatically thereafter. 

For each generator there is approximately 220 ft. of 
19-'22 control wire used in making up this master 
circuit which is protected by the fuses. 

A waterwheel gate limit switch (Fig. 15), not a part 
of the master circuit, functions to complete the tripping 
circuit to the generator oil circuit breaks, causing this 
breaker to open when the waterwheel gates have 
reached a "no load" position and after the master 
contactor has been deenergized. Differential relays, 
overvoltage relays, and phase unbalance relays also 
trip the generator oil circuit breaker and shut the unit 
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TABLE IV—PERFORMANCE RECORD OP GENERATOR PROTECTIVE EQUIPMENT 






Operation chg. to: 


No. in service 

Equipment 

Times oper. 

Hr. in service 

Mfg. defect 

Protection 

* Year 

8.. 

. .Overspeed device No. 12. 

- 8 . 

.40,892. 

8 vlb. 





1 . 


.. None ,... , 





1 . 

.33.906. 




8. 

,. Overvoltage relay device No. 59:. 

... 3 . 


.. None 

3 




8 . 


u 

g 




6 . 

.33,906. 

a 

6 

.1930 

8. 

.Low governor oil*>pressure relay 

4 . 

.40,892. 

.. None .,,. 

4 



device No. 63. 

_ 1 . 

.46.415. 






None. 




8. 

.Phase unbalance relay device No. 

None. 

.40,892. 

.. None .... 


1928 


51G. 

_ 1 . 

.45,416. 

<1 





None. 

K 


1040 

8. 

. Lignum vitae bearing cooling water 

3 . 


.. None ,,,. 

3 

IQOS 


relay...:. 

... 4 . 

.46,415. 

u 

. 4 

1Q9Q 



1 . 

.33,906. 

u 

1 

1930 

24. 

.Bearing temperature relay device 

1 . 


.. None .... 

. 1 

IQOfi 


No. 38.‘_ 

1 . 

.46,416.. 

1 vlb. 

None . 

tQOA 



None. 

.33,905. 

.. None .... 

u 

lego 

8. 

.Loss of gen. field relays devices 

1 . 


.. None 

1 

1Q9!A 

each 

Nos, 40, 40x, 40y. 

... None. 

.45,415. 

U 

None 

1QOQ 




.33,906.. 

a 


19^0 

8. 

. Generator ground relays device No. 

5 . 

.40,892. 

.. None .... 

. 6 vib. 

T92g 


64. 

2 . 

.45,416 



.1929 

.1930 



None. 

.33,906. 


• 

None 


MASTER CONTROL CIRCUIT AND EQUIPMENT 


No. in service 

Equipment 

Hr. in service 

Normal oper. 
start stop 

Equipment 

failiue 

Shut down 
due to trouble 

Year 

8 . 

.. Master contactor device No. 4 . 

_ 40,892 . 

. 2,966 .. 



1928 




46,415 . 


tt 


7039 




33,905 . 

. 2,180 . 

... 2 def. coils ... 

a 


8 . 

..Lock out relay hand reset device 

40,892. 


. . : Nnnft , , , 


1928 


No. 81. 

, 

.. . .46,415 . 








33,906 . 


tt 

U 

iQ5tn 

8 . 

,. Protective devices that interrupt 




.. . 22 

iQ9a 


master circuit. .. 





18 

iQ9n 







8 .... 

. 1930 

8 . 

. Governor pilot relay solenoid . 

_ 40,892 . 


•. None ... 

... None 

.... 1928 




45,415 . 


M 


.... 1929 




33,905 . 


« 

(1 

.... 1930 

16 . 

. D-c. control 30 A 1 

1 

[40,892 . 



... 8 .... 

1Q28 


1 

. 

,. \ 46,415. 



None 

.... 1929 

4. 

. D-c. control 200 A J 

1 

1 33,905. 
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down regardless of position of the waterwheel gates. 

Performance During System Disturbances 

To date there have been five system disturbances 
which resulted in the hydro dropping load. Three 
cases were due to lightning flashing over on a 66-kv. tie 
line to the steam plant; one to lightning flashing over 
on a 13-kv. feeder which is connected to the city dis^ 
tribution system; and one to failure of transformers 



Pig. 15 —^Waterwheel Gate Limit Switch—Device No. 33 

stepping the voltage up to 66 and 138 kv. Table I 
indicates the manner in which the units were shut down, 
the maimer in which service was restored and that a 
very short time was required to get the units back into 
service and on the bus. These disturbances occurred 
before the generators were all equipped with self- 
sjmchronizing equipment and, therefore, in cases wha-e 
the automatic synchronizing equipment did not func- 

TABLE v —OHIO PALLS HYDROELECTRIC STATION 


tion rapidly enough, the operators put the machines on 
manually in order to save time. 

Each disturbance caused a short circuit of consider¬ 
able magnitude and, when the circuit breakers opened, 
the overspeed of the generators and consequent rise of 
voltage was such that the overvoltage protective relays 
operated, removing generators from the bus and shut¬ 
ting the units down. The bus being dead, the station 
light and power bank was automatically transferred 
to the incoming emergency line. It is to be noted that 
a maximum time of four minutes was required to get 
the last generator in on the bus in the case of the first 
two disturbances when, in the first case, eight gener¬ 
ators were running and, in the second case, five 
generators were running. In restoring service, the 
supervisory operator closes the tie line in on one 13-kv. 
bus. Thereafter, the starting impulse is given to all 
generators, automatic means of ssmchronizing having 
previously been selected at the miniature supervisory 
board. As it was necessary to get generators on the 
bus as soon as possible, it was therefore customary,— 
previous to the time all units were equipped for self- 
S3mchronizing, if the automatic synchronizing equip¬ 
ment had not ssmchronized the generator promptly 
enough—^for a floor operator to go to each generator 
cubicle and do so manually. Now that this equipment 
for self-synchronizing is installed for all generators and, 
since this method is much quicker, it is being used al¬ 
most entirely. 

Conclusions 

Engineering reasons for adoption of miniature super¬ 
visory switchboard control and automatic control were 
to reduce initial capital expenditure and lower fixed 
charges. The results of more than three years con¬ 
tinuous operation of this equipment show the following: 

With the miniature switchboard, the operator is at all 
times closer to indicating instruments, control switches, 
etc., and can give better and closer supervision to the 


—LOUISVILLE. KENTUCKY PERFORMANCE RECORD OP GENERATOR 
EQUIPMENT 


Troublo charged to: 


Eqiiipment 

Oper. per year 

Hours in service 

Failures 

Mfg. defect 

Operation 

Years 

Generator oil-pressure built up. 

1,252. 

.46,000. 

.45,400. 

4 Pilot 

... relay ... 

... None ... 

4 Coils burnt 

. None .... 


.1928 

....1920 


1,090. 

.34,700. 

(1 

a 


1920 

Gov. solenoid operating waterwheel 
gates. 

2,966. 

.2,504. 

.46,400. 

... None .., 

a 

tt 


.1928 

looa 


2,180. 

.34,700. 

« 


» 

1920 

Gen. field automatically operated_ 

.2,966. 

2,504. 

.45,000. 

.46,400. 

1 

... None ... 

. None .... 


1920 


2.180. 

.34,700. 


a 


1920 

G ov. fly-ball auto, transferred sta. aux. 1,483. 

to unit aux.1.252. 

.46,000. 

.45,400. 

... None ... 

U 



.1928 

1 Q 29 


1,090. 


u 

u 


1920 

Generator cooling water pump. 

.1,483. 

1.252. 

.45,000. 

... None ... 

u 

ti 

.1928 

1929 


1 Of'O. 

.34,700. 


« 

« 

.1930 
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TABLE VI—^MAINTENANCE FOR THREE-YEAR PERIOD 
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Use 


Equipment 


Maintenance 


Man hours 


1— D-c. station control. 

2— Charging batteries. 

3— Control power supply from 13.2-kv. sys-. 

tern to sta. aiix. equipment 

4— Station power and light supply. 


5 —Station auxiliary motor drive equipment.. 

6 Automatic control of gov, oil pressure, 
system 

7— Interlocking pneumatic brakes on genera-. 

tor & main oil circuit breakers 

8— Controlling 66-kv. power transformer. 

banlcs 

9— To shut unit down In case of trouble on. 

unit 


10— ^Automatic control of generator equip-, 

ment 

11— Control of generator and transformer 

cubicles from miniature sup. swbd. 


.Two—60-ceU batteries.Monthly inspection... 

.Two—M. G. sets (26 kw.).Cleaning windings and commutators. 

.Cubicle and other equipment.Cleaning and adjusting contactors, relays,. 

etc. 

.Three—200 kva., one—100 kva. regulators., .Cleaning and inspection of relays, contac-. 

tors, etc. 

.37—220-volt motors driving oil pumps, unit. .Usual cleaning and inspection. 

water pmnps, etc. 

.Gage type relays and automatic compensa-. .Cleaning and adjusting contacts.. . 
tor controlling oil pressure 

.Unit brake valve solenoid.Periodic inspection and cleaning. 

. Transformer bank cubicle recording meters. 
with Selsyn attachment. R.kva.. kw., 
kv. auto, synch, eqpt. 

.Bearing thermal relays; water-flow indica-. 
tor; ground relay; overspeed device; phase 
imbalance relays; loss of gen. Held relays; 
gov. low-oil pressure relay 

.Contactors in generator cubicles. 


.468 
. 90 
. 72 


. Calibration, changing charts. Detail changes. 
Monthly inspection, cleaning, adjusting, etc.. 


...66 

...700 

...850 

...216 

..518 


12“*“Ditto., 

13— Ditto., 

14— Ditto. 


15— Indicating total kw., r.kva. and kv. on 66-. 

kv. power transf. bank 

16— V^ious contactors dependent on polar-. 

ized relays to energize master circuit 
to start unit; select proper bus; select 
_method of synchronizing 


.Inspection, cleaning, etc., replacing burned-, 
out coils; changing and simplifying con¬ 
trol circuit 

. Miniature switchboard 39 rotary control keys. One inspection each control panel; removed. 

from cabinet; contacts and spring tensions 
adjusted 

. Periodic inspection, cleaning and testing for.. 
proper spring tension 

. Replacing 50 lamps, inspection and cleaning. 

. Adjustment of bearing friction; replacement, 
of defectivo spring on one meter and 
recalibration 

.Periodic inspection and cleaning. 


. Miniature switchboard 32 push-button con-.. 3 
trol switches 

.111 miniature indicating lamps (24 volt). 

. .Miniature instruments on miniature sw^d.., 
indicating kv., kw.. r.kva. 

, Selsyn control meters on miniature board.... 3 


. Polarized relays on cubicles.. 
78 for 8 generators; 

2 for 66-kv. transfer bank 

3 for sta. aux. bank. 


.Oleanlng, adjusting, etc. Replacing a few. 
coils. 


..972 

.450 

. 60 

. 20 

. 27 
. 45 

. 25 
.165 


TABLE VII—INPOBMATION ON SYNOHUONIZING OP GBNBBATOBS 


Synchronized 



Good shots 


Synchronizing 

methods 

Successfully 

Failure 

2 min. 

3 min. 

4 min. 

5 min. 

Automatic. 

.. ..1,483. 

.. .None... 

.890. 

.297... 

.148. 

.74 

Automatic. 

-1,262. 

.. .None... 

.751. 

.261... 

.125. 

.63... 

Automatic. 

- 440. 

.. .None... 

.264. 

. 88... 


.26..- 

Self. 

- 650. 

.. .None... 

.. Oscillogram shows 2 times normal arm. cur. for 2 cycles. 
System voltage dip « 1.4 volts on 110-voIt base 


6 to 8 Poor shots Year 


.45.29.1928 

.37.25.1929 

.12.U.1930 

To normal in 16 cycles.1930 


operation of the equipment, resulting in better voltage 
control, frequency control, and division of load among 
generating units. 

There is a great saving in time during regular opera¬ 
tion and human error is largely eliminated. 

There is a marked saving in labor costs since there is 
only one shift operator required to operate the entire 
station. 

Maintenance on the miniature supervisory board is 
no greater than on vertical boards of older tjrpes and, 
as far as comparisons can be made, appears to be less. 
Very little trouble has been experienced, apparently 
slightly less trouble than on older types of boards, 
although this installation was one of the first used in a 
large generating station. During ssrstem disturbances 
the operation of the miniature switchboard, as com¬ 
pared with a modem switchboard of standard power 
house type now in service in Waterside Steam Station 
(92,000-kw. capacity) indicates that the miniature 


supervisory board is more convenient, saves time, re¬ 
duces chances for error, and results in quicker restoration 
of service. 

The use of automatic devices controlling the elec¬ 
trical equipment, waterwheel governor, oil pressure, 
bearing water pressure, etc., has demonstrated its 
reliability, low cost of maintenance and inspection, 
saving of time, saving of operating expense, and better 
and safer supervision and operation of electrical equip¬ 
ment than would be possible by manual system of 
control. 

This operating experience indicates that hydro 
plants or steam generating stations can be supervised 
from miniature switchboards with, or witiiout, auto¬ 
matic features. It is believed that, in hydro plants 
where units are taken off and put on the bus r^ularly 
and frequently, this type of control equipment is not 
only superior to manually operated equipment but the 
plant will be operated with greater safety to equipment 
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Discussion 

M. E. Roa^an: The statement regarding increased intervals 
betv.een maintenance periods corresponds to the experience of a 
great many operating companies. In fact, one si:^ar equip¬ 
ment has just finished a year’s service without breaking the seals 
on the eases. In other words, there has been no maintenance 
expense in that time. It is gradually becoming evident that, 
where the equipment is kept in near-dust-proof cases, the less 
maintenance the better. 

The complaint of the maintenance man is that if he does not 
experiment with it, he cannot know anything a^ud therefore 
when trouble does eventually come, he is lost. Tiiis is, indeed, 
false reasoning. He is equipped with complete diagrams, a full 
set of detailed instructions, and he can see the operations through 
glass covers or doors. Getting his hands on the relays will not 
help his situation and may mean disaster to the equipment. His 
practise on relay adjustment would be much better on spare 
relays w hich are not in use. 

The type of w'aterw^heel used, while ideal in the application 
described, has a rather unstable speed oharacteristio at no-load. 
In other words, with a small amount of water going through, the 


machine speed is not uniform and it is hard to synchronize. It 
has been found in similar installations that a synchronizer mth an 
automatic phase advance feature is desirable. It takes a certain 
definite time for the circuit breaker to close after the synchronizer 
makes contact. Within some predetermined lockout speed, the 
synchronizer automatically makes contact ahead of the “12 
o’clock” position in proportion to the speed of the “scope” so 
that the breaker closes its contacts at synchronism. It also 
means that the synchronizer will not “pass up” chances for 
closing the breaker because of the adjustable speed of the wheel. 

C. E. Stewart: Considerable advance has been made in the 
design of sxdtable control keys and meters for the miniature 
switchboard during the last few years so that the miniature 
switchboard is now considered as a standard typo of board for 
installation in power and switching stations. There is no ques¬ 
tion but what the miniature switchboard meets a very important 
requirement in the present day designs for handling electrical 
energy. Undoubtedly the conventional long type of standard 
switchboard will be eventually superseded by the miniature 
board because of the improved operating conditions and economies 
effected. 



Economics of High-Voltage Gable 

BY D. W. ROPER* 

Fellow, A. I. E. E. 


Synopsis, The IS^-kv, oil-filled cable placed in sertnce in 
Chicago in 1927 was designed by the manufacturers in 1926 to have 
the largest carrying capacity commercially feasible for that voltage 
in the state of the art ^ it then existed. During the succeeding 
years the advancement in the art was so rapid that the cable for the 
same voUage installed in 19S0 had a carrying capacity 76 per cent 
greater and a cost 20 per cerU less than the 1927 line. Improved 
oil^ new designs of oil supply tanks and methods of shipping and 
connecting cable had reduced the cost of installation and the design of 
the terminals. Successful operating experience with devices and 
rnethads for eliminatiy sheath losses had removed the previous limn 
itation on the economical size of the conductor. Operating data and 
test results indicated that the insulation on the first line was thicker 
than ycessary and this led to an inquiry regarding the economy 
of using the oilnfilled type of insulation at higher and lower voltages. 

Other questions concerned with future developments in the 


Chicago region indicated the necessity of a careful study of aU recent 
advances tn the art, and reeuUed in extending the inveetigatione eo 
as to include an economic etudp of transmission cable for all voltages 
preset and prospective. The investigations confirmed current 
^aclise %n the use of three-conductor cable at moderate voltages for 
transmitting load to substations, but indicated that loads much 
larg^ than are ordinary can be effldently transmuted by the use of 
singlcr^cond'yiw cable with sheath losses eliminated. A brief 
statei^ is induded of the method adopted for determining the 
limUaii^ of oUrfiMed insulation and extending the present voUage 
range of oilnfilled and ordinary types of insulation. 

The recent rate of improvement in the art of high-voUage cable 
practise probably leill be continued in succeeding years. 

The utilities must improve their standards of design and work- 
tmnship in order to keep pace ivUh improvements being made by 
the manufacturers. 


Introduction 

T he greatest improvement in high-voltage, under¬ 
ground cable in recent years was realized in 
1927> upon placing in service in New York and 
Chicago the commercial installations of 132-kv. oil- 
filled cable. During the installation of these lines it 
became apparent that a number of improvements was 
po^ible, p^icularly in coimection with the methods 
of installation and oil supply. Methods were devised 
of making joints on sections of cable filled with oil, and 
then the shipment of this cable (with a suitable reser¬ 
voir inside the cable reel for maintaining positive 
pressure) eliminated the expensive evacuation and 



The fundamMital point in the design of an oil-filled 
line is that poative pressure be maintained on the oil 
withm all portions of the cable under the most adverse 
conditions, namely^ sudden interruption of full load 
with nunimum ambient temperature. In planTiiTig the 
1980 line for Chicago it was found that there was 
available an oil electrically similar to the oil used in 



Pig. 2—^Insulating Joints in Lead Sheaths Installed 
ON Single-Conductor Cables by Comaionwealth Prison 
Company 


Pig. 1—132-Kv. Oil-Pillbd Cables in Commercial Use in 

Chicago 

Left: Cable for 103,000-kya. line installed in 1927 
Bight: Cable for 188,000-kva. line Installed in 1980 

impregnation processes in the field that were previously 
required. A number of these improvements was 
given a field trial during the installation of oil-filled, 
three-condu ctor, 33-kv. cable in Chicago in 1928.* 

*Supt., Street Dept., Commonwealth Bdison Company, 
Chicago, III. 

1. For references see Bibliography. 

Presented at the Summer Contention of the A. I. B. E,, Asheville, 
hi. C., June SS-Se, 19S1. 


the 1927 line, but with lower viscosity and lower flow 
point. This thinner oil permitted a lower oil pressure 
which made it feasible to use a single lead-tin alloy 
sheath instead of the double reinforced sheath used in 
1927. The reduction in the thickness of the sheath 
allowed the use of a much larger conductor with slight 
increase in over-all diameter (Fig; 1), but it was not 
commerdally feasible to increase the conductor size 
unless the sheath losses were eliminated. Meanwhile, 
however, favorable operating experience had been 
accumulating with instating joints on single-conductor 
cables in three-phase lines of lower voltage (Pig. 2), and 
also with the available methods of bonding the cables 
so as to keep the induced a-c. sheath voltages vrithin 
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safe limits.* New designs of the oil-supply tanks and 
the iMe of the thinner oil simplified the design of the 
terminals (Fig. 3) for connection to the overhead line. 

By taking advantage of all improvements, a line of 
188,000-kva. capacity was installed in Chicago in 1930 


relative amounts of the various items entering into 
the initial cost and annual charges, and, further, that 
cable with lowest annual charges might not always be 
the one with the lowest first cost. Accordingly the 
plan was adopted of calculating curves showing the 



Pig. 3 Simplipioation in 132-Kv. Cable Terminals Due to Improvements in Insulating Oil and Reservoirs 


]^ft: Electrically heated terminal and oil reservoir tower of line instaJled in 1927 
Bight* Outdoor terminal of line installed in 1930 


at a cost about 23 per cent below the cost of the 103,000- 
kva. line installed in 1927 (Fig. 4). The cost of the 
1930 line compares with the 1927 line as follows: 


variations of the initial costs and annual charges for 
the entire range of commercial sizes so as to secure data 
which would indicate the most economical transmission 


.. per cent increase. 

Joints, oil reservoirs, and accessories.......32 per cent decrease. 

Supervision and labor for installation.62 per cent decrease. 

Special manholes and towers for stop joints 

and oil reservoirs.81 per cent decrease. 

Conduits and ordinary manholes.No change. Same 

conduit and man¬ 
holes. 

.23 per cent decrease. 


About the same time, other questions arose as follows: 

1. What is the maximum economical size of single¬ 
conductor cable for connection between the 12-kv. bus 
and a 60,000-kva. transformer bank? 

2. Is there any economy in the use of oil-filled cable 
for 66-kv. service? 

3. What is the maximum load per line that can be 
carried on 132-kv. oil-filled cable in 4-inch ducts? 

4. Can 220-kv. cable be obtained if desired, and 
what will be the approximate cost? 

Therefore it was decided to review for Chicago condi¬ 
tions the entire subject of high-voltage cable so that, 
in addition to answering all of these questions, it would 
be possible to determine what changes in ftYiatiug prac¬ 
tise were indicated by recent developments. 

Plan of Pbocedubb 

Preliminary calculations (Pig. 6) on typical cables 
in use in Chicago indicated wide differences in the 


PER annual 
COSTS CHARCPft 


\ 

LABOR AND C* \ 
SUPERVISION fM \ 

mM. 1 


JOINTS AND 
ACCESSORIES 


TOWERS AND 
SPECIAL ^ 2 

MANHOLES 

CONDUIT AND 

ORDINARY- 

MANHOLES / ^ 


i 1 



•SHEATH LOSSES 

t FAILURES 

MAINTENANCE 
INSULATION LOSS 
COPPER LOSS 


DEPRECIATION 


INTEREST 

AND 

TAKES 


A. 600,000-clr. mil, 103.000-lcva. line Installed In 1927. Sheath losses 
present 

B, 1,100,000-cir. mil, 188,000-kva. line installed In 1930. Sheath 
losses eliminated 

Fig. 4r—R eduction in Costs op 132-Kv. Out-Filled Lines 
IN Chicago 


There have been no failures in oil-filled cables, but an allowance Is 
for repairing failures of aU kinds including external injuries 
The corresponding reductions in investment cost per kva, and 
charges are about 55 per cent 


voltage and type of cables for various Chicago condi¬ 
tions. 

The cdculations were confined to cables for the 
transmission voltages in use in Chicago except that. 
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with some assistance from the manufacturers, 220-kv. 
cable was added. In determining the size, type or 
voltage of transmission cable, due consideration should 
be given to the effect on the entire system of generation, 
transmisdon, and distribution of which the cable is 
to be a part. 

As the relative initial and annual costs were deared 

INVESTMENT PER ANNUAL 



C. 132 kv., 1-conductor, 1,100,000 cir. mil, oll-fllled 
Fig. 5—Division ov Costs fob Ttpicai. Lines in Chicago 

under identical conditions, it was considered more 
important that the unit cost figures be the same for 
all calculations than that they should fit any particular 
case. Accordingly for the purpose of these calculations 
physical constants, unit costs, and conditions were 
assumed, as given in Table I and in the following 
assumptions. 

Assumptions 

1. Impregnated, paper insulated, lead-covered 
cables installed one per duct. 

2. Three-phase, 60-cycle transmission. 


3. Engineering details in accordance with Chicago 
conditions. 

4. Three-conductor cables are of shielded t 3 T)e 
except 12-kv.; conductors are sector-shaped except 
smaller sizes of 83-kv. and 66-kv. cables. 

6. Ducts are round precast concrete, with one- 
inch concrete between duets and three-inch envelope. 

6. Diameter of cable must not exceed 5/6 of 
diameter of duct. 

7. Pure lead used for ordinary cable sheaths, and 
2 per cent tin alloy for oil-filled cable. Sheath thick¬ 
ness for ordinary cables is 5/64 inch for diameters over 
insulation up to 0.6 inch, and 1/64 inch is added for 
each increase of 0,6 inch in diameter. 

8. Ingot prices of metals per pound: copper, 15 
cents; lead, 6 cents; tin, 40 cents. 

9. Uniform conductor size used throughout a 
line. (Actual practise in Chicago is to install larger 
conductors where cable is in heavily loaded conduits.) 

10. No sheath losses on single-conductor cables. 

11. Skin effect calculated from data ^ven by 
Simmons,^ For three-conductor cables, conductor 
proximity effect assumed equal to 50 per cent of sldn 
effect and losses due to proximity effect in binding 
tapes and sheath' calculated on basis of formula by 
Miller.* 

12. Maximum permissible a-c. sheath voltage to 
ground is 12 volts. 

13. Permittivity of insulation: 3.3 for oil-filled;'3,6 
for ordinary. 

14. Ambient ground temperature is 15 deg. cent. • 

15. Annu al load factor for 33 kv. and lower voltage 
cables is 45 per cent as determined by loads foimd on 
lines to substations, while for 66 kv. and higher, the 
load factor is 60 per cent as determined by character 
of loads on tie lines between stations. Corresponding 


TABLE I—TBOHNIOAL DATA EEGABDINO THE CABLES ON WHICH CALCULATIONS WEBB MADE 
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deg. 
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per cm,® 

cent. 

cent 

conduit 
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(11 + B)~ 










n 

.. .A ... 

(12 + 6)... 

...700. 

_78. 

_1.8_ 

_12. 

_10. 

_400_ 

.0.77 -0.65 


12 

1. 

_A ... 

.. 13 — 16.. , 

.,.700. 

_83. 

_1.8_ 

_12. 

_9. 

....400,... 

,0.99 -0.84 


9.9 

a . 

_A, S... 

.. 19 

... 600. 

_77. 

....1.6_ 

_9. 

_7. 

....400..,. 

.0.99 -0.75 


22. 

1 

... ;A ... 

.. 19 

,. .600..... 

_77. 

....1.0_ 

_12. 

_9. 

_400.... 

.0.80 -0.72 


33 

a. 

_A, S... 

.. 25 

. . 600. 

,... 71. 

_1.4_ 

_9. 

_ 7 . 

_400_ 

.0.80 -0.68 


38. 

.1 *... 

_A ... 

.. 25 

...600.... 

_71. 

_1.1_ 

_12. 

_9. 

_400.... 

.0.80 -0.68 


33. 

2t 

_B, S,.. 

.. 14 — 18., 

..,650.... 

_75. 

....0.4.,.. 

.... 8. 

_6. 

_400_ 

.1.10 -0.82 

.. .2,500 

66. 

.3. 

....B.S... 

..26 -28.. 

. ..55b. 

....70. 

.,..0.4.... 

.... 8. 

.... 6. 

....550..., 

, .1.10 -0.82 

...2,600 


66.1.A . 48 .600.60.0.7 . 8 . 6.860.1.00 - 0.82 


66 . 

. 1_ 

.B .. 

... .26 — 28. .. 

.. .660. ... 

_70. 

.0.4. 

... 8. 

_ 6..... 

_ 660.. 

.,1.10 -0.97 . 

. .2,600 

ia2 . .. 

. 1 .. . 

.B .. 

.... 46 

...560 _ 

.. ,.70. 

. 0.4 . 

... 8 . 

_ 6 . 

_ 660,. 

. .1.10 -0.82 . 

. .2,600 

220 . 

. 1.... 

. B .. 

.... 72 ... 

. ..660 - 

..,.66. 


... 8 . 

_ 6 . 

.,.,560... 

...0.97 - 0.82 . 

. .2,500 


A—Ordinary type of Insulation. B—Oil-filled insulation. S—Sliielded type of 3-conductor cable. 

^Increased thicknesses are for large conductors. 

fFor very large single-conductor cables, these lengths would have to be reduced by as much as 80 per cent in order to keep the induced 


sheath voltage to earth from exceeding 12 volts. 

^Smaller heating constants are for the larger cables requiring larger duct sizes. 
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daily load factors for winter week day are 55 per cent 
and 75 per cent. 

16. Joints for 33 kv. and above are oil-filled. 

17. Oil-filled lines are equipped with signal systems 
to indicate oil leaks. 

18. No CTedit is given in principal calcidations for 
charging kva. of cables and no allowance for neutral¬ 
izing charging currmit of very long high-voltage lines. 

19. Transmisfflon line voltage drop not considered. 

20. Fixed charges on investment: conduit, 10}4 
per cent; cable, 11per cent; terminals, 12J^ per cent. 

21. Cost of energy losses, 0.6 cents per kw-hr. 

22. Rate of cable failures, 1}^ to 3 per 100 nule- 
years; rate of joint failures, H to 1}4 P«f 1,000 joints 
per year. Higher rates apply to lowar voltages. 

Methods and Results of Calculations 

Using the canying capacities of the cables as shown 
in Fig. 6, corresponding curves were calculated show¬ 
ing the cost of the conduit and manholes (Fig. 7), the 
cost of the cable installed in conduit (Fig. 8), the cost 
of the joints and accessories (Fig. 9), and the cost of 
terminals (Fig. 10). From these data were calculated 
the initial cost (Fig. 11) and annual charges (Fig. 12) 
of the completed lines without terminals, also co^ 
sponding curves of 10-mile lines with terminals (Figs. 
13 and 14). 



Fig. 6—Carrying CAPACiriBS of Lines 

No dieath losses on sin^e-conductor cables. Cable diameter not more 
then fiye-sixtbs of duct diameter. Cables are of ordinary type unless 
otherwise specified. 

As single-conductor cables require three ducts per 
line, the cost curves per kva. for conduit and manholes 
for these cables (Fig. 7) appear in a separate group 
considerably higher than the corresponding curves for 
three-conductor cable. 

For the 66-kv., single-conductor cable, it is intoest¬ 
ing to note (Fig. 8) that the oil-filled cable costs less 
than the ordinary t37pe due to less copper, insulation, 
and lead. The relative cost figure are revereed for 
the 83-kv., three-conductor cable. 


HIGH-VOLTAGE CABLE 

The curves showing the costs of the joints and 
accessories arrange themselves in three groups, the 
first containing the three-conductor cables with the 
ordinary t 3 T)e of insulation; the second group con - 
tniTiiTig single-conductor cable with the ordinary i^e 
of insulation having three times the number of joints 
as for three-conductor cables and, in addition, the cost 
of the i Tignlating joints and devices for eliminating the 
lead sheath losses; the higher cost figures for the third 
group, which includes the oil-filled cables, is due largdy 



Pig. 7 —^Rblativd Costs of Condtiit and Manholes fbb 

Line 


One cable per duct. Vertical scale same as Fig. 8 

to the cost of the stop joints, oil reservoirs and acces¬ 
sories required with this ts^ie of cable. 

A study of the curves leads to the following conclu- 
rions: 

1. The most economical cable for a given set of 
conditions should be determined by considering the 
total annual charges, rather than the first cost. 

2. The inclusion of the terminal charges makes 
but slight difference in the relaMve costs of the various 
types and voltages of cable. This indicates that the 
relative costs of the various types and voltages of 
cable would be only slightly altoed by assumptions 
somewhat different from those used in the calculations. 

3. For every load there is one type of cable and 
one transmission voltage which is more economical 
than any other combination. (See Table II.) 

4. For a givmi type and voltage of cable, maximum 
economy is generally found with larger cables than are 
in ordinary use. 

TABLE n— MOST BOONOMIOAL TYPES OP CABLE FOB VAEIOU8 
EANGB8 OP LOAD 
Data Taken from Fig. 12 


Most economical tsrpo of cable 


Xioad range—^kva. Voltage—^kv. No. of conductors Kind of insulation 


T7p to 8,000. 

. 12. 



8,000— 12,000. 

. 22. 



12,000— 26,000. 




26,000— 48,000. 

.66. 


.on-filled 

48,000—120,000. 

.66. 



120,000—260,000. 

.132. 


.on-flUod 
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5, Three-conductor cables are the most economical 
for loads up to about 50,000 kva. For the upper half 
of this range, thr^conductor, 66-kv., oil-filled cable® 
IS the nu^t attractive, but it requires larger ducts than 
are now in ordinary use. 

6. For loads above 50,000 kva. per line, single¬ 
conductor cable should be used. 



Fia. 8 —Relative Costs op Cable Installed in Condtjit 


Costs Include racks and fireproofing but do not include Joints, oil reser¬ 
voirs, and other accessories. Minimum cost for 12-kv.. S-conductor cable 
assumed as 100 per ceut. 

7. . The elimination of sheath losses permits the 
efidcient use of laige single-conductor cables between 
12-kv. bus and transformers for high-voltage lines. 

8. For cable to operate at 66 kv., a moderate 
reduction in the cost of oil-filled, single-conductor cable 



Pig. 9—Relative Cost of Joints and Accessories 
Installed 


Includes oil reservoirs and apparatus for elinalnating sh^th losses. Vertical 
scale same as Fig. 8 

and in the cost of the joints and accessories would 
bring the oil-filled type in competition on a cost basis 
with cable of the or^nary tsrpe. 

9. For loads of the ordo* of 100,000 kva. per line, 
oil-filled, 66-kv., single-conductor cable is preferable 
to the ordinary type when the over-all diameter of 


cable is limited by the size of the ducts in existing 
conduits. 

10. There is no economy in using 132 kv. for tie 
lines between stations in Chicago until the required 
carrying capadty exceeds 125,000 kva. per line. In 



Terminal costs include only a simple connection between cable and bus 
without high-voltage bus ties or other aindliapy switches as follows; 

(a) 12-kv. oil-circuit breaker and portion of switchhouse at generating 
station 

(b) Oil circuit brealcer at substation end of 12-, 22-, and 38-kv. ifnaa 

(c) Transformers and high-voltage bus structure at generating station 
for lOl lines above 12 kv. 

(d) Terminal structure and disconnective switches at other end of 
66-, 132-, and 220-kv. lines 

Vertical scale same as Fig. 8 

so far as eairying capacity of the cable is concerned, 
there is no occasion for increasing the transmission 
voltage above 132 kv. until the required capaciiy per 
line exceeds 260,000 kva. 

11. The cost of cable for 132 kv. and higher voltages 



Fig. 11—Relative Investment Costs op Undebqboiind 
Lines, Exclttding Terminals 

One cable per duct: 6 to 10 identical cables per conduit. ‘M'iTifTmuYi (jost 
for 12-kv., 3-conductor cable assumed as 100 per cent. 

probably will limit its use to underground extensions, 
within large dties, of long, overhead transmission lines 
from distant stations. 

12. As the fixed charges are about three-fourths of 
the total annual charges, the best way to reduce armual 
charges is to reduce first cost. 
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13. In determining the best transmission cable for 
a given purpose, the decision should not be restricted 
by preconceived ideas of the relative importance of 
transmission voltage, dielectric loss, skin effect, maxi- 



Pig. 12—^Relativb Annual Charges for Underground 
Lines, Excluding Terminals 

Annual load factors: 12 kv. to 33 ky., 45 per cent, 66 kv. to 220 kv., 
60 per cent. Minimum (barges for 12 kv., 3-conductor cable assumed as 
100 per cent. 



conduit details should be determined so as to secure 
the lowest annual charges for the given conditions. 

Discussion op Factors Affecting Cost 
The elimination of sheath losses on single-conductor 
cables permits a considerable increase in the rating of 



Fig. 14—Relative Annual Chabgbs for Ten-Mile Lines, 
Incltoino Terminals 

Annual load factors: 12 kv. to 33 kv„ 46 per cent, 66 kv. to 220 kv., 
60 per cent. Oost of transformer losses included. Vertical scale same as 
Fig. 12 



Pig. 13—Relative Investment Costs of Ten-Mile Lines, 
Including Terminals 

Vertical scale same as Fig. 11 

mum effidency of insulation, Kelvin’s law, the size or 
number of ducts in the conduit, or other physical laws 
and constants; but, by taking all such subjects into 
consideration, the type, size and voltage of cable and 


Fio. 16—Effect of Sheath Losses on Carrying Capaoitibs 
OF Cables 

the cables and a corresponding reduction in the annual 
charges. (Figs. 15 and 16.) The devices used for tiie 
elimination of the sheath losses on the 182-kv. oil-filled 
line installed in 1930 are shown in Fig. 17. 

In calculating the canying capacities, the dielectric 
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loss was assumed in accordance with recent test data, 
as shown in Fig. 18, in which there is also shown the 
effect on the canying capacity and on the annual 
charges of different power factors from those assumed. 
These graphs show the necessity of continually de¬ 
creasing the power factor with increase in operating 
voltage. 

The maximum permissible operating temperatures 
of cables of all voltages are shown in Fig. 19. The 
effect on the annual charges of changing the maximum 


While an increase of load factor increases the amount 
of energy to be radiated from the conduit and thus 
reduces the rating of the cables, this reduction is more 
than offset by the increased energy transmitted as 
shown in Fig. 24. 

For cables below 66 kv., the charging current is not a 
large item; but for 66 kv. and higher voltage cables. 


12 KV. 3-COND. 
500,C»0 CIR*MIL.\ 




^66 KV. 1-C0N0.1' 

n If 


. 132KV. 1-CONO. OIL 
\ 1,100,000 CIR.MIL. 


/,|2KV.K0ND. 


-SHEATH LOSSES PRESENT I 

^-SHEATH LOSSES EUMINATErl 


20 - MAX. RATIHO IN 3^"dUCTS - 
o MAX. RATING IN A'' DUCTS 
• MAX. RATING IN 4^" DUCTS" 
. A MAX. RATING IN 5* DUCTS 


5 10 20 30 40 30 40 60 100 200 400 

WINTER RATING PER LINE IN THOUSANDS OF KVA. 

Fig. 16—Eppuer op Sheath Losses on Annttal Charges for 

Single-Conductor Cables 

# 

Annual load factoi’s: 12 kv. to 33 kv., 46 per cent, 66 kv. to 220 kv., 60 
I>er cent. Vertical scale Bame as Pig. 12 

copper temperature for typical cables is shown in 
Fig. 20. 

It will be noted that the advantage of increased 
maximum operating temperature is greater for the 
high-voltage cables, and, further, there is but slight 



220 KV. I-COND. OIL 
“ 500,000 CIR. MIL. 


'132 KV. I-COND, 


.oil!_ 



0 1 2 3 4 5 6 

POWER FACTOR OF INSULATION AT MAXIMUM 
OPERATING TEMPERATURE - PER CENT 

Fig. 18—Effect op Changes in Insulation Losses in 
Carrying Oapacitibs and Annual Charges for Typical 
Cables 

Assumed power factors are In accordance witk recent test data as follows: 
12 kv., 3-conductor, 1.8 per cent @ 78 deg. cent. 

33 kv., 3-conductor, 1.4 per cent @ 71 deg. cent. 

66 kv., 1-conductor, 0.7 per cent ® 60 deg. cent. 

132 kv., l-condnctor, oll-flUed, 0.4 per cent @ 70 deg. cent. 

220 kv., 1-conductor, ojUl-fllled, 0.4 per cent @ 70 dog. cent. 



Fig. 17—Installation op Equipment for Eliminating 
Sheath Losses on 132-Kv., 188,000-Kva. Underground Line 
Installed in Chicago in 1930 

Left: Normal cable joints before flreprooflng 

Oentor Bight: Insulating joints in cable sheaths 

Lower Bight: Bonding transformer for reducing sheath voltages 

advantage in increasing the temperature for any type 
beyond 85 deg. cent. A temperature survey of the 
lines in Chicago shows that but a small portion is 
operating near the maximum permissible temperature 
(Fig. 21). 

The rating of cables installed in conduit is determined 
by the total amount of heat to be radiated from the 
conduit. Increasing the number of cables per condmt 
beyond rather moderate figures does not reduce the 
annual charges, as shown in Figs. 22 and 23. 


/ASSUMED GROUND TEMPERATURE 


20 40 60 100 

THREE PHASE OPERATING VOLTAGE - KV. 


Fig. 19—^Maximum Copper Tbmperatuiles Assumed in 
Calculations. Dashed Line shows Limits Set by A. I. B. E, 
Standards as op 1922. At that Time, the Highest Voltage 
Cable was 33 Kv., 3 -Conductor, Belted 

the charging current is sufficient to affect appreciably 
the power factor of the system to which they are 
connected. If the improvement in power factor ob¬ 
tained in this manner is important, then some credit^ 
should be given to the cost of the cables on this account. 
If the credit is figured on the same basis as the cost of 
obtaining the same improvement in power factor with 
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synchronous condensers, the reductions in the annual 
charges for high-voltage cables would range from 8 
per cent for 66-kv., single-conductor cable with the 
ordinary type of insulation, to 34 per cent for 220-kv. 
oil-filled insulation, as shown in some further detail 
in Fig. 25. 

Comparison op the Ordinary and the Oil-Filled 
Types op Cable 

As the competition between these two types is 
closest at 66 kv., their status may best be shown by 



Pia. 20 —^Etfxct of Annuai. Chabqbs of Changes in Maxi¬ 
mum Coffee Temfbeattjbbs 


number of expensive stop joints and oil-reservoir man¬ 
holes to a minimum. 

For 66-kv. lines of 120,000 kva. capacity, contem¬ 
plated for the futme in Chicago, there is an advantage 
in the oil-filled t37pe as its smaller diameter permits it 



Fig. 22—^Effect on Annual Charges of Number op Cables 
IN Conduit. 


VertlcEU scale same as Fig. 12 


an examination of the detailed costs of the two tsrpes 
of 66-kv., single-conductor cable for 65,000-kva. carry¬ 
ing capacity as given in Fig. 26. The comparative 
sizes of the two cables are indicated by Fig. 27. About 



MAX. COPPER TEMPERATURE - DEG. CENT. 

Fig. 21—Ophrating Copper Temperatures op Tran^smis- 
SION Cables in Chicago 

Results of survey at time of maximum temperature, wMcb in Olilcago 
occurs in summer-time 

260 miles of such cable with the ordinary ts^ie of insula¬ 
tion are now in service in Chicago. 

In these comparisons it should be noted that the 
conditions in Chicago are favorable to the oil-filled 
type of cable. The maximum difference in elevation 
of portions of the city in which high-tension cables are 
now installed, as determined from U. S. Geological 
Survey maps, is less than 30 feet, thus reducing the 


to be installed in vacant 4-inch ducts of existing con¬ 
duits along different routes, while the use of the ordinary 
ts^pe would require the construction of special conduits 
with larger ducts and make it more expensive to secure 
different routes for the several lines. 

For 65,000-kva. capacity at 66 kv., the cost of the 
joints and accessories of the oil-filled type is nearly four 
times that of the ordinary type. If the cost of the 
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WINTER RATING PER CONDUIT IN THOUSANDS OF KVA. 

Fig. 23—^Effect on Annual Charges of Number of Cables 
in Conduit. 

VOTtical scale same as Fig, 12 


joints and accessories for the oil-fflled type could be 
reduced by 50 per cent, it would be more than offset 
by a reduction of 16 per cent in the cost of the ordinary 
type of cable which might be realized by a reduction 
in the thickness of insulation. With free competition 
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impossible in view of 
the f^t t^t one make of such cable in Chicago with 
0.76-inch insulation had no failures of insulation in a 
^ce record of 266 mile-years of operation up to 
M^h 1, 1981. It also appears that some reductions 
m the cost of the oil-filled cable might reasonably be 



Fig. 24r-EFFECT on Annoal Chaegbs of Changes in Load 

Factors 

expected as the oil-filled type, shown in Pig. 27, uses 
19 per cent less copper, 55 per cent less paper, and 32 
per cent less lead than the ordinary type, with a conse¬ 
quent reduction of 34 per cent in the weight. 
Interesting information in this connection has been 


daily load cycles were added and increased at intervals 
so as to raise the maximum temperature of the cables* 
In Pig, 30 are shown power-factor measurements of 
one typical sample of ordinary type of insulation 
operated to a maximum temperature of 60 deg. cent, 
and also the similar readings for the oil-filled cable 
operated to a maximum temperature of 75 deg. cent. 
Prom these curves it will be noted that there was a 


INVESTMENT 

COSTS 


PER 

CENT 

-ISO- 


ANNUAL 

CHARGES 



Z 

» 

oc 

I 

r 

§ 


2 

i 

ui 



\ 


r 

56 KV. 

r 

l-CC 

d 

z 




\\ 
)— iv- 

1 



36 K 

V.'l-CON 

D. OIL 



A 

r 

KV. 3- 
_OIL 

COND.^' 


V 






132 KV. hCO 

NO. Oil 




n 

KV. 

0 

“1 

l-CO 

L 

s.. ^ 

NO. 

57 

“III 

X o • 
_ 1 

K, RATING IN 3^ DUCTS 
X. RATING IN,4"DUCTS 

1^. RATING IN 4X"buCTS 

\ 



^•0 


'V MAX. IWTING IN 5" DUCTS | 
COSTS DO NOT INCLUDE C 

COSTS INCLUDE .MAXIMUM 

--1-1_1_L_1 

REDIT FC 

1 CREDIT 

_L 

)R CH 

\RGING 

CURR 

ENT 


WINTER RATING PER LINE IN THOUSANDS OF KVA. 


Fig. 25—RuDircTioN of Annual Charges for Higher 
Voltage Cables without Terminals by Allowing Maximum 
Credit for Charging Current 


A, Ordinary B, Ofl filled 

Fig. 26—Comparison of Costs op Single-Conductor 
Ordinary and Oil-Filled 66-Kv. Lines Having Same Carry¬ 
ing Capacity (66,000 Kva.) Shown in Fig. 27 


continuous change in the ordinary type of insulation, 
indicating instability at this voltage, while in the oil- 
filled type there was practically no change after 19 
months^ operation. This indication of stability of the 
oil-filled insulajtion, together with the perfect operating 



Fig. 27— 66-Kv. Cables of Same Carrying Capacity 

(liOffc) 760,000-cir. mil, 0.76-ln. ordinary Insulation. Maximum tem¬ 
perature 60 deg. cent. 

(Bi&Lt) 680,000-clr. mil, 0.406-in. oil-fiUed insulation. Maximum tem¬ 
perature 70 deg. cent. 


Vertical scale same as Fig. 12 

obtained from an experimental installation in 1927 at 
108th Street (Figs. 28 and 29) of several 1,000-ft. lengths 
of cable with the ordinary type of insulation and one 
length of oil-filled cable as installed on the commercial 
line in 1927 (Fig. 1). These cables were operated at 
first with applied voltage only and without load; later 


record of the oil-filled cable in New York and in Chicago 
indicated that probably 0.72-inch oil-filled insulation 
was more than required for 132-kv. operation. Ac¬ 
cordingly ad&tional samples of oil-filled cable having 
approximately 0.50-inch and 0.40-inch insulation have 
been inst^ed at 108th Street and operated with 
gradually increasing loads, as above describe^, with 
the object of determining the maximum opaating 
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stoesses and maximum operating temperatures for 
oil-filled insulation. 

A comparison of typical power-factor curves of 
cables with normal and reduced oil-filled insulation 
(Rg. 31) indicates that after daily load cycles for nearly 
eight months, oil-filled insulation 0.50-inch thick is 
about as stable at 132 kv. as the 0.72-inch insulation. 



PiQ. 28—108 th Street Pield Laboratory for 1,000-Pt. 
Lengths op 132-Kv. Cables 

Foregroiiud: Circulating current transfoimers for heating cables 
Center: Towers of 132-kv. line to which cables are connected 
Bight Bear: Laboratory for dielectric loss measurements 

These curves also show a curious improvement in 
power factor which is somewhat more obvious by a 
direct comparison of ionization factors, as shown in 
Fig. 32. The diameter of a 132-kv. cable would be 
reduced almost 20 per cent (Fig. 83) with improvements 
that do not appear remote. 

In considering the feasibility of securing cable of the 
ordinary type for operation at 132 kv., the most opti- 



PiG. 29 Labobatobt pob Tbstino 132-Kv. Bxpbbimbntal 
Cables and Abbanqements pob CoNNBcriNa Gables to 
Oyebhead Line 

mistic assumption is that the operating voltage can be 
incr^sed in proportion to the increase in thickness of 
the insulation. The maximum thi VImfisf; of impreg¬ 
nated paper insulation which has been suggested by 
cable manufacturers is 1.126 inches. The operation 
of this thickness of ordinary insulation at 132 kv. 
would then correspond to a thickness of insulation of 


0.668 inch for 66 kv. This insulation would operate 
at approximately the same average stress as the 60-kv., 
three-conductor cables now in operation in Paris with 
13 mm. (0.61-inch) insulation. When successful oper- 



^Vaa-iNCH OF 
OIL-FILLED INSULATION 




Eig. 30—^Typical Power-Factor Voltage Curves for 
132-Kv. Experimental Cables in Chicago 


DAYS AT I32‘ KV. 



Fig. 31—Typical Power-Factor Voltage Curves for 
Two Makes of 132-Kv. Experimental Oii#-Filled Cable In 
Chicago 

Cable is .subjected to daily load cycles with ma^mum copp^ temperature 
of about 70 deg. cent. 

ating records of 66-kv. cable with 0.65-inch iTiaiil fltion 
are available, or when 132-kv. experimental cable with 
less than 1 inch of insulation will withstand tests such 
as shown in Fig. 29 without rigns of instability, thaw 
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it be in order to conader the commercial use of the 
ordinary type of inflation at 132 kv. Calculations 
indicate that on this basis the ordinary type would 
compete economically with the oil-filled type at 132 kv. 

The use of 1.125-inch oil-filled insulation at 220 kv. 
would be equivalent to 0.675 inch at 132 kv. on an 
average stress basis. Taking into consideration all 
available information, it appears that there would be 
l^s risk at present in operating oil-filled cable at 220 kv. 
than in operating the ordinary type at 132 kv. 

Whether the oil-filled type will displace the ordinary 
t3q)e at 66 kv. and lower voltages or the ordinary type 
compete ^th the oil-filled tsqie at 132 kv. depends on 
the relative rates of improvement in the two types 
of insulation with unrestricted competition. 

In comparing the two typ^ of insulation and in 
considering reductions in thickness of the oil-filled type 
of insulation, very careful consideration must be given 
to the effect of transient voltages due to switching or 
%htning. The best available information is that the 
short-time breakdown strength of a given thickness of 
the ordinary type of insulation is about as high as for 
the oil-filled type. More information on this subject 
IS very much n^ed; in the meantime when eonsida-- 
ing reductions in thickness of oil-filled insulation for 
cabl^ connected to an overhead line, all possible pre¬ 
cautions should be taken for limiting the transient 
voltages to which the insulation may be subjected. 

These investigations with the reduced thickness of-, 
oil-filled insulation were preliminaiy to the design of 


Lead Sheaths 

In considering future developments in high-tension 
cable the lead sheath should not be overlooked. In 
iwent years the number of . failures and replacements 
of high-voltage cable due to defective lead sheaths 
have been about equal to the number due to defective 
insulation. One foreign manufacturer claims to have 
eliminated cable sheath failures by the use of a lead 
press of a design differing from any in use in thi-g 
country.^ 

Lead sheath appears to have an “elastic limit” at 




'insulation-MILS 

5 'nffi-i- I 




^0 80 120 160 200 240 
DAYS AT 132 KV, 


Pig. 32 —^Vabiation op Ionization Pactob (Incbbash In 
POWEB Factobs pbom 20 TO 100 Kv.) WITH Age pob Two 
Makes op Expbbimbntai, 132-Kt. Cable in Chicago 

Tests at about 26 deg. cent. 


Fig. 33—Reduction in Size op 132-Kv. Cable, ip the 
Insulation Thickness were Reduced prom 0.72 to 0.50 In, 
AND THE Maximum Temperaturb' ^Incrbasbd prom 65 to 80 
Dbg. Cent. 

(Left) 600,000-cir. mil commercial cable 
(Right) 475,000-olr. mil experimental cable 

aWt 175 lb. per square inch, that is, thrae is no 
stretching at such tensions when long continued. 
These pressures correspond to about 18 lb. internal 
pressure on a lead sheath 3 inches in inside diameter. 
It would reduce the cost of the accessories for the 
oil-filled t 3 Tpe and permit increasing the iDaYimiim 
temperature of the ordinary type if an alloy could be 
discovered which would raise this elastic limit. 

Looking Forward 

When all the research investigations now in progress 
or contemplated by the utilities, universities, and 
manufacturers have been brought to a successful con¬ 
clusion: 

1. Cables of all types and voltages will be opiated 
at a maximum temperature of 85 to 90 deg. cent, with¬ 
out fear of deterioration. 


220-kv. oil-filled cable. An experimental installation 
of 220-kv. cable had been planned for the Crawford 
Avenue Station upon the completion of an overhead 
220-kv. line into that station in the fall of 1932. In 
view of the advances in the art of testing cable as in¬ 
dicated in this and other papers presented at the same 
meeting, it now appears that the expense of this experi¬ 
mental installation of 220-kv. cable, similar to the 
installation of 132-kv. cable at 108th Street, is not 
warranted as all required information can be obtained 
by means of laboratory facilities now available. 


2. The expe^ive oil reservoirs and accessories on 
[-filled cable will be eliminated due to: 

a. Increase in the elastic limit of the cable 
sheath. 

b. Reduction in the thermal coefiicient of ex¬ 
pansion of the oil. 

c. Making the insulation somewhat compress¬ 
ible under moderate pressures existing with the 
lead sheath. 

3. An installation of oil-filled cable will be no more 
complicated than a present-day installation of ordinary 
t 3 rpe of cable. 
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4. Cable of subnormal quality will be eliminated 
by tests at the factory. 

6. The initial cost per kva. of 66-kv. cable com¬ 
pletely installed will be from 30 to 40 per cent below 
the present cost of the ordinary type. 

6. Cable failures due to all causes will not exceed 
one per hundred miles per year. 

If all of these results should be achieved within the 
next 15 years, it would be no more startling than a 
statement of the present day state of the art would 
have appeared 15 years ago. 

In order that the utilities may realize the benefits of 
such improvements in quality of cable, their standards 
of design and construction of conduits and manholes, 
workmanship during installation and splicing, as well 
as the standards of operation, inspection and main¬ 
tenance, must be incu^ased in at least the same ratio 
as the improvement in insulation. 
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BY G. B. SHANKLIN* 
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Synopsis.—This paper deals briefly with the general theory and 
some of the ouUtanding charaderistica of oil-fiMed cable practise. 
OilnfiUed cable has had a perfed operating record during the past 
four years and during this time many simplifications and economies 
have been introduced. Further gains in this direction are indicated. 
Today, this type of cable is wdl in line with ordinary paper-in¬ 
sulated cable from an economic standpoint. 


and F. H. BULLER* 

Member, A, I. B. B, 

The limiting f satures of oil demand and oil supply are explained 
and typical methods of oil feed with expansible reservoirs described. 
Space does not aUow the inditaion of many additional things of 
interest such as a description and drawings of the comply line of 
cable and accessories that have been developed. 

* * 4t * * 


Introduction 

APID progress is being made in oU-fined cable 
practise. The space limitations of this paper 
^ make it impossible to deal with the many phases 
of this activity, and the subject matter will be confined 
to a brief summary of the more important electrical 
and physical charactoistics. The oil-filled cable is 
now past its infancy. The theory and principles are 
well understood and the technical soundness of these 
is fully substantiated. Much of this work has been 
described in the technical press. If the reader will 
refer to publications (1) to (9), inclusive, in the Bibliog¬ 
raphy, and include the contents of the present paper, 
he will have a fairly complete story of oil-filled cable 
practise as it exists today. 

Large installations of 132-kv. cable, and others of 
lower voltage rating, have been placed in service during 
the past four years. All of these have operated with 
outstanding success, and each successive installation 
hM represented an improvement in the way of sim¬ 
plification and economy. There is good reason for 
assuming that further gains will be made. Even today, 
high-voltage, oil-filled cable is well in line with ordinary 
"solid” cable from an economic standpoint. 

The economic dividing line is not sharply defined 
because of the large number of factors involved. Such 
factors as voltage rating, load per circuit, single con¬ 
ductor or three conductor, size of ducts available, 
etc., determine whether oil-filled or solid cable is the 
more economical. At present there is a rather wide 
overlap. As fmther progress is made this overlap 
will be lowered and narrowed. Even if this expecta¬ 
tion is not completely fulfilled, there still remains an 
overlap from 30,000 to 70,000 volts, grading off at 
each end, where choice is a matter of local conditions 
and requirements. Above 70,000 volts rating, oil- 
filled cable is already in the lead from every standpoint. 

Advantages 

Some of the advantages of oil-filed cable, as com¬ 
pared with solid cable are: 

*Ceiitral Station Engg. Dept., Gieneral Eleotrio Co., Schenec¬ 
tady, N. Y. 

Presented at the Summer Convention of the A. I. E. E., Asheville, 
N. C., June SS-ge, 1931. 


a. Voids are entirely eliminated, if the installation 
is properly designed, and insulation deterioration is 
not a factor to contend with. 

b. Maximum safe operating temperature is higher 
and fluctuations in load and seasonal temperature are 
not important. 

c. The thickness of insulation is about half that 
for solid cable, resulting in a smaller, lighter cable, or 
for equal over-all diameters, a cable of larger conductor 
size and greater current carrying capacity. 

d. For a given size duct, much more power can be 
earned by oil-filled cable, for the reasons outlined. 

e. The maximum safe voltage rating for single- 
conductor, solid cable is about 75 kv.; oil-filled cable 
has extended this to 132 kv., and 220 kv. appears 
possible when required. 

f. The maximum safe voltage rating for three- 
conductor, solid cable is about 45 kv., because of 
physical limitations; oil-filled cable has extended this 
to 75 kv. and even higher voltage is possible. 

g. ^ Positive oil pressure is maintained and because 
of this, flaws and defects in the lead sheath mmely 
result in slow leakage of oil, which can be located and 
repaired at any convenient time. Electrical service 
failure, caused by entrance of moisture and air, is 
usually the first warning of such defects in solid cable. 

Complications 

Some of the supposed complications and disad¬ 
vantages of oil-filled cable have never actually existed. 
Others wwe the result of pioneer procedure, where 
simplicity and economy were either not fully developed 
or w€^ sacrificed in the interests of surety, until the 
experimental stage could be passed. Alert engineering 
and knowledge of a few new principles are necessary. 
It is in this direction that most of the complications 
he, but many engineers now recognize that this new 
knowledge could also be profitably employed in solid 
cable practise. 

The fact remains, however, that there is a greater 
number of safeguards and detailed factors in the 
installation and maintenance of oil-fiUed cable, re¬ 
quiring careful engineering attention. These are being 
reduced and simplified as expmience is gained. It is 
largely a matter of education and training of field 
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forces in this new practise. Some special equipment 
is necessary for installation and maintenance. This 
consists of portable degasifier, vacuum pump and 
auxiliaries for short-field treatment of filling oil, joints, 
terminals, and other accessories. The special equip¬ 
ment is not expensive and represents a permanent 
investment, addition^ to the re^lar field equipment. 

Those operating companies whose field forces now 
have the necessary experience and equipment handle 
oil-filled cable installations in a routine manner and 
without real difficulty. 

Future Progress 

The progress that has been made in the way of 
simplification and economy, will be dealt with by 
Mr. D. W. Roper.® Possible future progress will be 
briefly dealt with here. 

The greatest progress seems to lie in the direction 
of reduction in insulation thickness. This is indicated 
by operating experience, laboratory study and field 
tests. Improved quality and more complete knowledge 
have recently allowed material reduction in standard 
thickness with resultant gain in economy. This for¬ 
ward step must be consolidated and confirmed by 
additional operating experience before the ultimate 
safe limit in insulation thickness can be determined. 
From what we know today, it would appear that be¬ 
cause of absence of voids and ionization normal work¬ 
ing voltage stress will not prove to be the limiting 
feature, but instead, ability to withstand transient 
voltages such as switching surges, arcing grounds, and 
lightning will determine ultimate safe thickness. 

Guaranteed maximum temperature has already been 
iniU'eased from 60 to 65 deg. cent, and 70 to 76 deg. cent. 
Here again it is necessary to consolidate and confirm 
by operating experience. It would appear that in¬ 
sulation deterioration will not prove a factor in deter¬ 
mining ultimate maximum temperature. This will, 
undoubtedly, be determined by the ability of the 
sheath to withstand expansional movement of the 
cable, and internal oil pressure. 

Principles 

The principles of successful oil-filled cable practise 
are: 

a. A stable, non-freezing oil of superior electrical 
properties. This oil should have predetermined vis¬ 
cosity characteristics that give assurance against void 
formation in the cable cross section and excessive loss 
of pressure along the feed channels in service. 

b. A high quality wood pulp paper, comi)actly and 
uniformly applied, and of predetermined density. 

c. Removal from the cable during manufacture, 
and from all accessories and fittings during installation, 
of all impurities such as moisture and gas (both free 
and in solution). 

d. Maintenance of positive pressure inside the en- 

5. For references see Bibliography. 


tire length of cable, and other parts of the oil system, 
at all times. 

e. Never allow this oil pressure to exceed safe 
working limits, as determined by the mechanical 
strength of cable sheath and accessories. 

The remaining part of this paper will deal briefly 
with those electrical, thermal, and physical characteris¬ 
tics that have the most to do with these principles. 
Scant space can be given to the usual electrical test 
properties. 

The dielectric loss of oil-filled cable is quite low, 
60-cycle power factor being in the order of 0.5 per cent 
at 80 deg. cent. There have been no indications of an 
increase in loss with time in service. Measurements 
seem to be of value only in checking uniformity in 
the factory and in determining reduction in current- 
carrying capacity at the higher voltage ratings. Di¬ 
electric loss causes a reduction of approximately 8 per 
cent in the current-carrying capacity of 132-kv. cable. 

Many engineers feel that routine dielectric strength 
tests on samples could be dispensed with entirely. 
They are expensive and difficult to make and disclose 
very little of value. The breakdown strength of oil^ 
filled cable on the standeird 15-minute test is no better 
than that of solid cable having the same thickness of 
insulation and about half the voltage rating. Even 
on the standard 6-hour endurance test the breakdown 
strength of oil-filled cable is not much better than 
that of solid cable. It is only when this voltage 
application is extended into months and years that the 
real superiority of oil-filled cable is clearly shown. 

Determinant Factors and Characteristics 

Power cable is subjected to continually changing 
temperatures in service consisting of daily load cycles 
superimposed upon seasonal cycles. Expansible oil 
reservoirs are connected to oil-filled cable at pre¬ 
determined intervals to maintain pressure and take 
care of the volumetric changes caused by these fluctu¬ 
ations in temperature. 

The contour of the cable run plays a very prominent 
part in determining the best location of reservoirs and 
stop joints, and the characteristics of the reservoirs 
necessary for maintaining oil pressure within pre¬ 
scribed limits. On long or steep hills it is necessary 
to insert oil stop joints at intervals to break up the 
hydrostatic head pressure. On level ground the loca¬ 
tion of stop joints (if any) is determined by maximum 
pressure drop along the feed channels. 

In laying out the most effective and eeononiical 
design of installation all of the principles and factors 
previously outlined must be taken into consideration. 
The primary charactaisties that practically control 
the layout are: 

a. Rate of expulsion and absorption of oil by the 
cable. 

b. Oil-pressure drop along the feed channels. 

c. Total expulsion or absorption of oil between 
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the extreme limits of no-load winter temperature and 
full-load summer temperature, 

d. Characteristics of available reservoirs. 

Rate of Oil Expulsion and Absorption. When load is 
suddenly applied or dropped, oil is expelled or ab¬ 
sorbed by the cable, the rate being governed by the 
rate of heating or cooling. Everything else being 
eijual (and if no voids are formed) the expulsion and 
absorption curves are exactly alike. The rate in¬ 
creases to a maximum in a relatively short time and 
decreases to zero in a much greater time. F-mannoii i 
dealt only with the maximum rate, this being the most 
important. In a later paper* oil expulsion is dealt 
with in greater detail. 

Curv^ (a) and (6) in Mg. 5 of this paper* are rep¬ 
resentative of the hollow-core, 132-kv. cable installed 
in 1927 by our company. It is tentatively suggested 
on page 350 that the shaded area between curves (a) 
and (l>) represented a brief, transient void formation. 
We have not since attempted to duplicate this test. 
Indirectly and comparatively, however, the evidence 
since obtained, has been confirmatory in every way. 
The theoretically calculated oil demand curve (a) 
has been proven correct and there is no reason for 
questioning the accuracy of the measured supply 
curve (6). In the light of later experience we believe 
that the void formation shown in Mg. 5 was caused 
by the following conditions: 

a. The viscosity of the oil used at that time was 
higher than that of the improved oil used since. 

b. The oil had been drained from the cable core 
after the initial impregnation trfeatment and the cable 
had stood for several weeks with this core filled with 
gas under pressure. Before test the cable had been 
re-impregnated with oil, the gas being removed by a 
relatively brief application of vacuum. 

Subsequent tests and theoretical results indicate 
that the viscosity of this old oil could not have played 
anything more than a secondary part in this void 
formation. The ambient room temperature was 20 
deg. cent, and similar tests made since with oil of both 
lesser and greater viscosity indicate that the ambient 
temperature would have to be much lower before the 
viscosity of this old oil would cause voids, provided 
the dissolved gas content is of low value. 

The void formation indicated by Mg. 6 in this 
previous paper is insi^ificant from a practical stand¬ 
point. This is substantiated by the fact that 132-kv. 
cable of the type dealt with has operated successfully, 
and without signs of deterioration, for about four 
years. If progress is to be made, however, in the way 
of improved quality and reduction in insulation thick¬ 
ness these factors, no matter how insignificant they 
appear today, must be fully accounted for. We be¬ 
lieve that the void formation mentioned was primarily 
due to dissolved gas content in the inner layers of 
insulation and that this condition was caused by the 
previous gas filling of the core. Measurements made 


OP OIL-PILLED CABLE 1413 

since indicate that the dissolved carbon dioxide con¬ 
tent of the oil in this cable, after uniform diffusion, 
was in the order of 8 to 10 per cent by volume at 
atmospheric pressure, room temperature. This is 
much below the saturation point of approximatdy 
100 per cent. 

Einowledge of the laws of gas absorption and diffusion 
in cable (and oil) as related to time, pressure, and 
temperature is stUl very meager and difficult to obtain. 
We have a good start in this direction, but there is 
still a great deal to be done in the way of confirmation 
and additional research. It is known that the amount 
of dissolved gas in oil is a direct function of pressui^ 
but increases more slowly with temperature, actually 
decreasing for some gases. The rate of diffusion is 
very slow in oil and still slower in cable. Diffusion 
increases with temperature. Saturation content varies 
widely with different gases, being low for hydrogen 
and nitrogen, about average for oxygen and high for 
carbon dioxide. The type of oil and, more particu- 
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larly, its condition affect solubility. When more com¬ 
plete and detailed work is confirmed the results will 
undoubtedly be published. 

However, lack of accurate knowledge in this direction 
will not hold up progress in oil-filled cable develop¬ 
ment, since the principle of reducing gas content to a 
minimum, initially, and preventing further exposure 
is already firmly established. Real progress is in this 
direction. 

This older cable has been referred to for the purpose 
of clearly brining out the improvmnent that has since 
been accomplished. As far as can be determined, 
there is complete absence of void formation in the 
newer cable. These improvements involve an oil of 
more desirable characteristics, and methods of shipping 
and installing the cable while completely filled with 
oil. Exposure to gas absorption is reduced to a mini¬ 
mum and the dissolved gas content in the finished 
installation is only a fraction of that formerly expe¬ 
rienced. 










1414 


SHANKLIN AND BULLBR 


Transactions A. I. E. £' 


The viscoaty of the old oil (No. 1) is shown in com¬ 
parison with that of the new oil (No. 3) in Fig. 1. The 
freezing point of oil No. 3 is approximately — 40 deg. 
cent, and this safely allows exposure to severe outdoor 
winter tempera,ture. At the same time, its viscosity 
is sufficiently high to avoid excessive loss of oil in 
of leakage. 

Pig. 2 shows typical oil supply and oil demand data 
for two sizes of the new, hollow-core, single-conductor 
cable. Space does not allow the inclusion of Himilnr 
data for other sizes and tj^es of single and three- 
conductor cable, but Pig. 2 is entirdy representative. 
The measured oil supply and temperature after steady 



Fig. 2—Oil Demand and Supply Apteb Dropping Load. 
Theoretical Calculations Shown by Full Line Curves. 
Test Bebults Shown by Plotted Points 

1. on demand and supply 

2. Copper rise 

3. Sheath rise 

load is dropped are shown as plotted points. These 
measurements were made with two different oil pres¬ 
sures maintained in the hollow-core, as shown. Mea¬ 
surements of oil expulsion when the same load is applied 
were also taken. The two sets of measurements coin¬ 
cided so closely that the expulsion data will not be 
given. If voids had been formed when load was 
dropped the expulsion measurements should be greater 
than the supply during the first few minutes. They 
were actually either equal to, or slightly less. Also, 
if voids had been formed the supply measurements 
with lowest oil pressure should be less than the high- 
pressure readings. Pig. 2 woffid not indicate this to 
be so. The laboratory tests were conducted by 
Messrs. J. A. Scott and H. W. Houseman, to whom 
grateful acknowledgment is made. 

The theoretically calculated curves in Pig. 2 furnish 
a final check of this whole matter. It will be noted 
that there is almost exact agreement between theory 
and measurement. Other and similar laboratory 
measurements have fully confirmed the accura<gr of 
the theoretical work. The calculation of temperature 
and oil demand is covered by formulas (1) to (7) in the 
Appendix. 


Specifications and measured constants for the two 
sizes of cable considered in Pig. 2 follow: 


Item 

Cable No. 1 

Cable No. 2 

Clear inside diameter of core. 

0.600 

. 0.500 

Inside diameter of stranded conductor... 

0.600 

0.600 

Outside diameter of conductor. 

1.090 

1.010 

Copper cross section of conductor. 

600,000 dr. mils 475.000 cir. mils 

Thickness of paper insulation. 

0.720 

0.600 

Thickness of lead sheath. 

0.156 

0.141 

Over-all diameter. 

2.842 

2.300 

Ratio oil to copper in core and conductor 

0.09 

1.15 

Ratio oil to fiber in insulation. 

1.00 

1.00 

Thermal re^tivity of Insulation (C.G.S. 



units). 

600 

. 545 

Bmissivlty of sheath (0.0. S. units).1200 

.1010* 

Thermal capacity copper per ft., (watt- 



second units). 

328 

. 260 

Thermal capacity of oil in conductor per ft. 

126 

. 116 

Specific thermal capacity of insulation 



(O.O.S. units). 

0.360 . 

. 0.360 

Thermal capacity of sheath per ft. 

382 

. 275 


Ooefflcient expansion copper. 0.00005 .. 0.00005 

Ooefladent expansion oil.. 0.00074 .. 0.00074 

Ooefaclent expansion fiber. 0.00011 0.00011 

Coefficient expansion sheath. 0.000085.. 0.000086 

*Note: Tarnished sheath 

Fig. 3 shows the calculated temperature distribution of 
cable No. Ifrom conductor to sheath whenloadisdropped. 
It will be noted that during the first 10 minutes when 
voids (if any) have a tendency to form there is little 
^ange^ in temperature of sheath and outer layers of 
insulation, but a relatively large change in temperature 
of conductor and inner layers of insulation. Conse¬ 
quently, when voids do form, they must first occur in, 
or near, this inner zone. It is for this reason that 



3—^Tbmpbbatvbb DiSTBiBxmoN Across thd InsuiiA- 
moK OP Cable No. 1 After Load is Dropped. Isolated Cable 
IN Still Air 

viscosity of oil does hot play such a prominent part 
as dissolved gas content in Big. 6 of the previous 

papOT.* 

Incidentally, Pig. 3 would indicate that an oil feed 
channel in the conductor is more effective than chan¬ 
nels directly under the sheath. This is true only 
where there is danger of void formation. When this 
is eliminated, by methods already discussed, there does 
not appear to be any difference in the two methods 
of feed, judging from both theory and test. 

Oil-Pressure Drop Along Feed Chcmnels. Oil-pressure 
drop along feed chaimels and piping druing periods 
of oil flow can be calculated -with acceptable accuracy 
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only where the inner surface is smooth and cylindrical 
and the rate of flow is less than turbulent. (See formula 
(10) in Appendix.) The surface of the hollow-core in 
cable No. 1 is not smooth, but is ridged, because of 
the spiraled supporting member. For this reason it 
is necessary to measure friction factor, b. For cables 
Nos. 1 and 2 


^ 0.00283 Z 

0 = -jr-» 

where is the clear inside diameter of core (0.5 in.). 
We have found that formula (10) holds with reason¬ 
able approximation for the type of core used in cable 
No. 1 if it is assumed that d = 1.06 di. There are 
similar approximate methods for es tim ati n g the pres¬ 
sure drop in channel-tsrpie single-conductor and three- 
conductor c^le, but here, it is even more necessary 
to confirm by actual tests. 

Oil supply, (o), is distributed uniformly to the in¬ 
sulation by the feed channels. When factor (a) and 
the friction factor along the channels, (6) are known, 
the pressure drop can be determined by formula (11) 
in the Appendix. This formula was first developed 
by Emanueli,! who considered only the mairimnm 
value of (o). As will be shown, the pressure drop P® 
is rarely, if ever, greatest when oil supply, (a), is at 
maximum value. Increase in oil viscosity accounts 
for this. 

Toted Oil Required. The total oil required is a direct 
function of cable length and the two extreme limits of 
temperature met with in service. These limits (for 
underground cable) are usually assxuned as 0 deg. 
cent., no-load winter temperature, and 70 deg. or 
76 deg. cent., full-load summer temperature. The 
method of estimating total oil is described in the 
Appendix. Usually, 40 per cent over and above the 
theoretical requirement is added to reservoir capacity 
as an em^gency surplus and to safeguard against 
wrong adjustment of reservoir content and other 
possible discrepancies. The total oil requirement 
(theoretical plus 40 per cent) for tsrpical single- and 
three-conductor cable varies from 0.5 gal. to 2.0 gal. 
per 100 ft. of cable, as determined by cable cross 
section, etc. 

Reservoir Charcteteristies. The reader is referred to 
T. C. Aitchison’s article® for details of design and 
performance. A previous article* also gives some gen¬ 
eral information regarding the three different types 
of reservoirs available and the methods of use. As 
indicated in these articles, the t 3 ^e C C, gravity-feed 
reservoir and the type D C, balanced-pressure reservoir 
have proved the most useful and desirable for oil-filled 
cable work. The present paper will, consequently, 
deal exclusively with these two t 3 ^es. 

Types CC and DC oil reservoirs are identical in 
design and construction, with the exception that the 
outer rigid enclosing tank of type CC is open to the 
atmosphere through a breather, maintaining practically 


constant atmospheric pressm^ on the oil. The type 
D C reservoir, on the other hand, has a sealed gas- 
tight outer tank maintained under variable gas pres¬ 
sure. Both types follow the established principle of 
segregating and sealing off the cable oil system against 
exposme to gas or other impurities. The in ner con¬ 
struction consists of a staric of disk cells, the walls of 
which are thin, corrugated, flexible metal diaphrams. 
The design is such that these diaphrams are supported 
in their fully-extended and fully-collapsed positions. 
This results in exceptional sturdiness and long life . 
The cells are connected in parallel by a manifold and 
are filled with degasified oil. 

Type C C is known as an “atmospheric-pressure, 
gravity-feed reservoir,” since it maintains constant 



Fig. 4—^Diffidbbntial ob Diaphbam Pbessurb Curve of 
Types C C and D C Reservoirs, Representing Dippbrbncb op 
Gas Pressure Outside and Oil Pressure (at Center Line) 
Inside Cells 

A. Op^fatiiig rsngo firom minimum cabl6 t6mpera.tiire to m&ximum c&bl6 
temperature 

B Pull-rated capacity range of reservoir 
C Semi-idle range beyond rated capacity 
D Semi-idle range below rated capacity 
E Idle oil remaining in cells when totally collapsed 
F Totally coUaiwed position of cells 
G Totally expanded position of cells 

atmospheric pressure and must be elevated above its 
surroundings for feed purposes. Type DC is used in 
those locations where .elevation is imdesirable or im¬ 
practical and has proved very useful in eliminating 
expensive towers, sometimes necessary when type C C 
is used. It is known as a “balanced-pressure reservoir” 
because both the gas and oil volumes and pressures 
can be readily adjusted or balanced in such a way that 
reservoir units at diffCTent elevations can be made to 
work together in harmony and synchronism, each 
doing its fair share of the work. 

The differential pressure or “back pressure” of the 
C C and D C reservoirs is shown in Fig. 4. This 
represents the difference in the oil pressure inside the 
cells (at center line of tank) and the gas pressure in 
the outer tank. When the cells are put through an 
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extreme cycle of operation from completely-collapsed 
position under vacuum to completely-expanded position 
under six or more pounds positive differential pressure, 
and returned to their original collapsed position, the 
curves are in the form of a small hysteresis loop, as 
shown. In normal service, the cells are subjected to 
a much smaller total working range and- this loop 
entirely disappears. 



Pig. 6—Cable No. 1 Dropping Poll Load in Winter 
WITH 0 Dbg. Cent. Ambient Earth, Six Cables in Duct 
Bank 

TIig rGSGrvoii^ are adjusted in the field to always 
work over a limited part of the full-line curve, as 
shown in Pig. 4. It will be noted that the differential 
pressure is always positive over this normal working 
range. This avoids any danger of entrance of gas or 
moisture into the oil system through accidental leaks. 

The C C cell stack fits closely in the outer famy and 



Pig. 6—Cable No. 1 Dropping . Half Load prom Six 
Cables in Duct Banx in Winter with 0 Dbg. Cent. Ambient 
Earth 

there is no surplus length to this tank. In the case 
of the D (7 units, however, there is extra length to the 
tank to give additional gas volume. This is necessary 
for maintaining gas pressure within desired limits. 
The gas volume can be readily adjusted rather by 
adding an auxiliary gas tank for greater volume or in¬ 
troduction of waste oil for lesser volume. The pressure- 
volume characteristics of I> C reservoirs can be readily 


Transactions A. I. E. E. 

calculated from the known laws of gases. See formula 
(9). This formula, of course, refers to gas pressure. 
The oil pressure can be obtained by adding the dia- 
phram pressure given in Fig. 4. 

Other Factors and Characteristics 
Thermal and Oil Feed Characteristics. Before an oil- 
filled installation can be properly laid out it is necessary 
to know the steady and transient thermal character¬ 
istics of the cable and surroimding duct structure. 
Characteristic curves for cable No. 1 are given in 
Figs. 5 and 6. It was necessary in calculating these 
curves to assume a typical cooling curve for the duct 
bank, as described immediately following formula (5) 
in the Appendix. If the characteristics of the duct 
bank are such that the exponential is greater or less 
than the assumed value 0.0000217 the curves in Pigs. 
6 and 6 do not hold. However, since we are largely 
concerned with the maximum values of oil supply and 
pressure drop, occurring in relatively brief periods of 
time, possible errors are not of great importance. In 
Figs. 6 and 6 it is assumed that load is dropped simul¬ 
taneously from all of the cables in the duct Lnny , 
Also, short-circuited sheath-operation with 6J4-in. 



Percent lodd 

Pig. 7—Cable No. I Showing Maximum Pressure Drop 
Along Core in Winter for Different Loads 

flat spacing between six equally loaded cables and 
0 deg. cent, earth ambient temperature are assumed 
as a “worst'' condition. 

It will be noted that although the maximum rate 
of oil supply is less when half load is dropped (Pig. 6) 
the maximum pre^e drop is greater than when full 
load is dropped (Fig. 6). Higher oil viscosity accounts 
for this. Pig. 7 shows the relation between percentage 
load and maximum pressure drop along the hollow 
core. Zero per cent load refers to dielectric loss only. 
It will be noted that 60 per cent load represents the 
worat or limiting condition. This limiting condition 
varies from 26 to 76 per cent of fuU load in different 
cases, depending upon cable size, minimum ambient 
temperature, and other conditions. 

Feeder-Pressure Section. All of the necessary factors 
for cable No. 1 have been described and we are now 
in a position to lay out an actual installation. The 
contour of the duct run, spacing between TUftnimies, 
dimensions of manholes and othra* practical considera¬ 
tions will determine the best and most economical 
layout.. Pressure drop along the core, minimum oil 
pressure at high point, maximum pressure at low 
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point and other factors will determine the location of 
stop jomts and the type of oil feed for each section 
between stop joints. Space does not allow us to deal 
with an entire installation in detail. Instead, two 
typical sections will be selected for discussion. 

First, assume a duct contour as shown in Pig. 8, 
with stop joints at positions 0 ft. and 3,000 ft. The 
sheath of cable No. 1 has no reinforcement and steady 
oil pressure at the lowest point (1,500 ft.) must not 
exceed 15 lb. per sq. in. Also it is desirable to avoid 
either a steady or transient oil pressure lower than 
atmospheric at sny point in the oil feed system, con¬ 
sisting of reservoir cells, piping, stop joints and cable 
core. From the previous work it is known that the 
total rated oil capacity of the reservoir units for this 
length of cable is 26 gallons. 

Balanced-pressure reservoir feed is obviously out of 
the question, since the hydrostatic pressure from 
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Fig. 8—Typical Feeder—Pbbbstob Section Cable No. 1 

Feedor reservoir rated 26 gal. 

Pressure reservoir rated 3 gal. oil, 15 gal. gas 

Ourve 1—^Pressure curve while full load is dropped in wlnteivtime, feeding 
reservoir only 

Ourve 2—Same condition as Curve 1 with feeding-pressure reservoir 
combination 

Ourve 3—Pressure curve when half load is dropped in winter-time, feeding 
reservoir only 

Curve 4—Same as Curve 3, with feeding-pressure reservoir combination 

Curve 5 Same as Oui’ve 3, shows height to which feeding reservoir must 
bo raised to avoid vacuum at the far end under all conditions 


temperature change and during these periods assists 
in maintaining cable core pressure within prescribed 
limits. Curves (2) and (4) with pressure reservoir 
connected show the improvement in pressure char¬ 
acteristics a.ccomplished by the addition of this small 
unit. It will be noted that the limiting condition in 
this case, curve (2), occurs when full load is dropped,, 
rather than half load. The reason for this is that 
dropping full load drains the oil from the small pressure 
reservoir more rapidly, with consequent reduction in 
its normal level of pressure, as shown. 

A pressure reservoir required to meet the conditions 
in Fig. 8 would have a rated oil capacity of 3.0 gal. 
and a gas capacity, Vt, of 15 gal. The calculation of 
curves (2) and (4) involves such complicated differ¬ 
ential equations that a step-by-step solution is re¬ 
sorted to. 

It is known that, at the first instant, the pressure 
reservoir feeds half of the section. Assuming that it 
feeds half of the section for a short, but finite, length 
of time, the amount of oil which it feeds out and 
average loss of pressure can be calculated. The 
average distance fed during the time interval is then 
obtained from the formula: 

_L /. h-p\ 


^ _L / 1 _ fLzl \ 

2 \ abfi ) 


6 and a being respectively the average friction and oil 
demand during the period imder consideration: p is 
the average pressure in the pressure reservoir. This 
value of a; is less than half the length; accordingly, the 
output and pressure of the reservoir are corrected to 
take care of this change and z is re-calculated. Taking 
the value of x at the end of the period as a starting 
point, the above process is repeated; and it is continued 
until X becomes equal to zero. Then the pressure 
drop from the feeding reservoir over a distance I — x 


position 0 to 1,500 ft. is already the fuU aUowable 
15 lb. If gravity-feed units (t 3 ^e C C) are placed at 
position 0 ft. and slightly above the stop joint, the 
nainimum pressure in the cable core when full and half¬ 
load are dropped in the winter time is shown by curves 
(1) and (3). Both of these curves intersect the cable 
contour, and the oil system beyond these points of 
intersection would be at a pressure below atmospheric 
for several minutes. If the gravity reservoirs are 
ra^d to a sufficient height, as shown by curve (6), 
this condition could be avoided but this solution is 
not desirable since, instead of mounting the reservoir 
units directly in the manhole, it would mean an ex¬ 
pensive reservoir housing above ground level. Also, 
safe working pressure of 16 lb. would be exceeded at 
lowest point of cable contour. 

The real solution is to leave the feeder units at 
stop-joint level and connect a small pressure reservoir 
(type D C) at low end of section. This pressure 
reservoir functions only during transient periods of 


is computed for each time interval. 

BalaneedrPressureSection, On level ground, or where 
the profile of a given section is such that the feeder- 
pressure combination just de^ribed cannot be used 
without resorting to expensive mounting of reservoirs 
above ground level, the so-called balanced-pressure 
feed proves very convenient and economical. P^g. 9 
shows a 2,600-ft. section of cable line having a contour 
that can be most conveniently taken ceire of by bal¬ 
anced-pressure feed. In all other respects the as¬ 
sumptions are the same as those outlined for Fig. 8. 
The total rated oil capacity is foxmd to be 20 gal. 
Tins should be divided equally, one 10 gal., type D C 
unit being placed at each end, the relative elevations 
of these reservoirs being as shown in Fig. 9, 

The g^ capacity of these units and their initial 
volumetric and pressure settings are so selected that 
each reservoir takes care of exactly half of the cable 
section. Also, the pressure at the highest point in the 
oil system must never drop below 1 lb. above atmos¬ 
pheric, and the pressure at the lowest point must 
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never exceed 15 lb. Reservoir characteristics that 
meet these conditions can be determined from formulas 
(8) and (9) in the Appendix. The calculations call 
for a gas volume, Vx, of 64 gal. for the lower reservoir 
and 41.6 gal. for the upper reservoir. The latter can 
be obtained either by using a shorter tank or by the 
more practical method of pouring 12.4 gal. of waste 
oil into the same sizd tank. 

The pressure along the cable core under various 
limiting conditions is shown in Fig. 9. It will be noted 
that dropping either half-load or merely dielectric loss 
in the winter and full-load pressure in the summer 
represent the extreme limiting conditions. 

It should be pointed out that for the type of oil 
feed considered in Fig. 9 exact balance of the reservoir 
units is not necessary within reasonable limits, and 
providing the gas content Vx is greater, but not less, 
than that called for by exact balance. For instance, 
instead of injecting 12.4 gal. of waste oil into the 
upper tank in Fig. 9 the original 54 gal. of gas capacity 


Generally speaking, the use of stop joints should be 
reduced to a minimum. Stop joints should not be 
used merely for segregation, since the advantages 
gained are nullified by the additional expense and the 
limited amount of reservoir oil available for emergency 
use in case of accidental leakage. Segregation, where 
actually required, can be obtained by safer and more 
economical methods. 

Strength of Lead Sheath. The integrity of the sheath 
is a very important feature of oil-filled cable practise. 
We have given a great deal of time and thought to 
this problem. Commercially pure lead and alloys of 
lead in the form of ordinary sheathing with and without 
reinforcement and special double sheathing with re¬ 
inforcement have been investigated and used in service. 
With ordinary sheathing without reinforcement it has 
been found that safe continuous oil pressure is limited 
to approximately 15 lb. per sq. in., and with reinforced 
sheathing, to about twice this value. A very com¬ 
prehensive series of tests on lead and lead alloy sheath¬ 
ing is still being continued. Elongation and bursting 



strength as a function of time and temperature are 
fairly well established. Space limitations prevent 
publication of results at the present time. 
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Pig. 9—Typical Balanobd Pbbssueb Sbotion Cable No. 1 
Beseryoir Data: Oil volume 10 gal. both reservoirs 


H. W. Bouseman, L. L. Phillips, H. P. Broderson and 
V. A. Sheals. 


Oas volume (0 deg. cent. Pmin) upper reservoir 41.6 gal. 
lower reservoir 54.0 gal. 
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cotdd be retained. The total pressure range would 
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most economical system of oil feed and general layout 
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manhole, where very rugged contour is encountered, 
to complete exclusion of stop joints on level ground. 
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Appendix 

In the present appendix, it is proposed to give some 
of the formulas us^ in the calculation of oil-filled cable 
characteristics. Space does not permit the develop¬ 
ment of these formulas; the reader is referred to an 
article® if such information is required. 

Before oil demand calculations can be made, it is 
necessary to compute the thermal transient: 


_ r Ml VqVoc + 'ncVe m — VoVoa l 

ttn 2? A 2 J UnV Ai Ai J 

The total oil requir^ent of the cable over the tempera¬ 
ture range Te — To may be obtained by integrating this 
equation between the limits t - Otot = <o. It may 
also be obtained more readily from the following 
equation: 


r = 2 + To (1) 


In the foregoing equation 


p'AiAs r TF, A 




[ 


Un 


W,A,] 


[{Mi (UnRy- N}^ + (1+2Mi) (Un 22)*] A** 


+ [ 2 Mi-l- Mi^ («„r)*] Ai* ( 2 ) 

F (UnX) = Jo (u„ x) - Kn Yo («t„ x) (3) 

Jo (UnX) and Yo (UnX) being the Bessel functions of 
the first and second kinds, and of zero order; see 
reference (10). 

Ko and u„ are given by the following equation: 


D = 12 


(ficVc + noVoc + viVi) (To- To) 

+ (VoVoo- rtiV.) (To - To) 

+ {(T^</2) - V. log. (22/r)} 


(7) 


If the total oil requirement over the entire yearly 
tempCTature range is wanted, it may be obtained from 
equation (7) by writing T, equal to the minimum 
winter earth temperature, T« equal to tiie matimnm 
allowable copper temperature, and T, to the tempera¬ 
ture of sheath when copper temperature is T.. 

The reservoir requirement in gallons per 1,000 ft. 


K„ 


MiUnrJo(Unr) - Ji (Un r) 
MiUnf Yo (UnT) - Yi (Un T) 


lAlD 

IS equal to ——, assuming that a 40 per cent sur- 


^ [Mi (uo 22)* -N]Jo (Un R)+u„R Ji (%„ 22) 

[Mi (u„ 22)* -N]Yo (Uo R)+UnR Ti («„ 22) 

The denominators of the two fractions in equation (4) 
are Ai and Ai respectively (see symbols). The sum¬ 
mation in equation (1) is taken over tiie roots of equa¬ 
tion (4). 

Also,* 


21fi = 


Qi 


2 7rgr*’ 


Mi = 


Qi 


2Tg22* ’ 


N = 


P' 


2 TT 22|A. 


(5) 


a is a quantity dependent on the construction of duct 
bank, number of loaded cables in it, etc. For average 
conditions, it may be taken as 0.0000217, if 2 is measured 
in seconds. 


plus is allowed. To this should be added tiie oil 
contraction of joints, tOTminals, reservoirs and piping. 
The total volume of oil thus computed is called 2 y«a,. 

If a pressure reservoir is to be used, the gas volume 
Vr at temperature T^tn and pressure P„<„ must also be 
calculated: 

Lower Reservoir 


Pmin Vti 


P TOO. (Vti (To^in + 273) 

273 -J- Tmax 


( 8 ) 


Upper Reservoir 
(P' - h)(V-,i- V) 


(P^ - h) (Vt2 - V) (T„io -I- 273) 
273 + r„a. 


( 9 ) 


Equation (1) gives the temperature T at any distance 
X from the center of tiie cable at any time t. Equations 
(1) to (5) are also useful in calculating other thermal 
effects, such as short-drcuit heating and overload 
duly cycles. 

The oil demand of a cable is equal to the rate of con¬ 
traction of the component parts of the cable when load 
is dropped. This may be determined by using the 
following equation: 


Intermediate reservoirs, where such are used, may be 
calculated as “upper” reservoirs from formula (9), 
using the proper value of h, provided the reservoir 
system is so balanced that each reservoir feeds its 
proportionate length of cable at all times. This will 
be true of a balanced system, but not of an unbalanced 
system. 

The pressure drop in a pipe with a smooth cylindrical 
surface may be calculated &om the equation: 


0 = 12 a Td(viVi + 7loVoe + V»Vo + Vo Vos — Vl Vo) 

, r 1?<22 f Jlf 2 (Un 22)* - N 

P' ? L I UnR Ai 

•This notation is the same as need by K. W. Miller in his 
partial solution of this problem. See discussion of paper, 
Bibliography reference (1). 


Pi 


^ IT gd* 


( 10 ) 


The pressure drop in the core of a hollow core cable 
at any distance Xg from the feeding point may be calcu¬ 
lated from the equation. 

Po = 2 a 6 (2 Zo — x^/2) (11) 
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wh^e, 


0 . 8 / 

Trgdi* 


( 12 ) 


List op Symbols 

a = oil demand of cable, cu. in. per ft. per sec. 
b - friction factor for hollow core cable. 

d = inside diameter of smooth cylindrical pipe, 

inches. 

di = inside diameter of spiral in cable core, inches. 

D = total oil requirement of cable, eu. in. per ft. 

/ = friction coefficiait in smooth pipe = 0.00358 Z. 

g = gravitational constant=32.2 ft. per sec. per sec. 
h = difference in elevation between upper and 
lowCT reservoirs, expressed in lb. per sq. in. 

I = length of cable section, feet. 
h = length of pipe, feet. 

p' = thermal resistance of cable insulation, deg. 

cent, per watt per in. thickness per 12 sq. in. 
Po = pressure drop in core of cable, lb. per sq. in. 

Pi = pressure drop in a smooth cylindrical pipe, 
lb. per sq. in. 

P' = gas pressure in the lower reservoir at no load, 
lb. per sq. in. absolute. 

P" = gas pressure in lower reservoir at full load, 
lb. per sq. in. absolute. 

Pmtn = minimum permissible pressure of gas in lower 
reservoir, lb. per sq. in. absolute. 

Pmaot “ maximum permissible pressure of gas in lower 
reservoir, Ib. per sq. in. absolute. 

Qi = thermal capacity of conductor, including oil in 
strands and core, watt-sec. per ft. per deg. 
cent. 

Qi = thermal capacity of sheath, armor, and oil in 
channel space luider sheath, if any, watt sec. 
per ft. per deg. cent. 

q' = rate of flow of oil through pipe, cu. in. per sec. 

q = thermal capacity of insulation, watt-seconds 
per deg. cent, per 12 cu. in. 
r = outside radius of cable conductor, inches. 

R = inside radius of cable sheath, inches. 

Rtht = tiiermal resistance of sheath surface, in thermal 
ohms per ft. 

t = time, in seconds. 

T = temperature, rise above duct air in deg. cent, of 
a point at distance x from center of cable, at 
timet. 

Tc — temperature rise above duct air of cable con¬ 
ductor at b^inning of cooling, deg. cent. 

T, = temperature rise above duct air of sheath at be¬ 
ginning of cooling, d^. cent. 


Td — temperature rise above earth ambient of duct 
air at beginning of cooling, deg. cent. 

T, = ambient tanperature, (of earth, air, or water, 
depending on operating condition). 

Tmas = maximum temperature of gas in reservoir, 
deg. cent. 

Tmtn = minimum temperature of gas in reservoir, 
deg. cent. 

Ve — area of copper in cable conductor, sq. in. 

Vte = area of oil in cable core and strand space, sq. in. 

Vi = area of cable insulation, sq. in. 

Fm = area of oil in channel space under sheath, sq. in. 

V, = total area inside cable sheath, sq. in. 

Vmaz = one half of the total oil requirement of section 
of cable, including surplus, gallons. 

F' = surplus oil in reservoir at lower end of operat¬ 
ing range, gallons. (This refers to working 
surplus only.) 

V = V' plus expulsion of oil from cable at m axim um 
full load temperature gallons. 

Fti = volume of gas in lower reservoir, at pressure 
Pmin, and temperature T„,in, gallons. 

F t 2 = volume of gas in upper reservoir, at pressure 
Pmin — h, and temperature Tm<n, gallons. 

TFc = sum of copper loss and dielectric loss of cable, 
watts per ft. 

W, = sum of sheath loss and armor loss of cable, watts 

per ft. 

z = distance from center of cable, inches. 

= distance from feeding point on oil-filled cable 
line, ft. 

Z = viscosity of oil, centipoises. 

a = multiplying factor in duct cooling exponential; 
average value 0.0000217. 

Ai = [Mi (Un Ry - N]Yo (u„ R) +UnR Yi (u„ R) 
(see equation (4)). 

Ai = MiUnrYo(Unr) — Yi(Unr) (seeequation (4)). 

e = base of Naperian logarithms, = 2.7183_ 

i?c = coeflieient of expansion of copper (volumetric) 
per deg. cent. = 0.00005 

Vi = coefficient of expansion of insulation (volu¬ 
metric) per deg. cent. = 0.000425. 

Vi = coefficient of expansion of lead (volumetric) per 
deg. cent. = 0.000085 

Vo = coefficient of expansion of oil (volumetric) per 
deg. cent. = 0.00074. 

Discussion 

For discussion of this paper see page 1447. 
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Part I 

A Complete Oil-Fillbd Cable System 

Introduaim. The term "oil-filled,” as applied to 
impregnated paper cables is ordinarily understood 
to indicate a cable in which the compound is of such 
viscosity as to be fiuid at all operating temperatures. 
When such a cable is so constructed as to permit free 
passage for the oil longitudinally and radially and is 
connected to a suitable oil supply it will remain com¬ 
pletely filled with saturant at all points, throughout 
all temperature and load cycles. 

Under careful attention the modem high-grade solid 
or hard compound cable may receive a thorough initial 
impregnation. It is generally agreed, however, that 
under repeated load and temperature cycles, the ex¬ 
pansion of the sheath tends to the formation of “voids” 
or bubbles in the insulation, leading to ionization, 
deterioration, and ultimate failure. Provision against 
this tendency necessitates conservative current ratings. 
This type of limitation is inherent in the use of satu- 
rants of high viscosity and of completely closed lead 
sheath and joints, and becomes increasingly important 
with increasing wall thickness, i. e., with increasing 
voltage rating. The oil-filled cable, by providing for 
a free ebb and flow of saturant at all times, removes 
the danger of bubble formation, thus permitting thin¬ 
ner walls, higher temperatures, higher voltages and 
current ratings. 

Cable engineers both in this country and in Europe 
have long recognized the theoretical advantages of the 
oil-filled principle, but the first attempt to realize these 
advantages on a large scale was the extensive instal¬ 
lation of General Electric Co. and Pirelli & Co. oil- 
filled cables in New York and in Chicago about four 
years ago. The outstanding electrical performance of 
these installations fully confirmed the early expecta¬ 
tions. While the great cost and the complicated 
operations connected with their installation prevented 
the immediate wide-spread adoption of oil-filled cable, 
this performance acted as an intense stimulant to the 
improvement and simplification of that system, some 
of the results of which have been and are being described 
by their makers.^It also produced increased con¬ 
centration on a parallel development which had been 
proceeding along somewhat different lines, and which 
has resulted in the system to be described in this paper. 
This system has been planned from its inception with 
the aim of approximating the simplicity of the installa- 

*Getteral Cable Corporation, New York, N. Y. 

1. For references see Bibliography. 
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tion of the ordinary tjrpe of cable. In its present 
form, it has made notable progress towards accomplish¬ 
ing this aim, and now also has a background of com¬ 
pletely successful practical experience. 

General Features. Fundamental features about which 
this system has been built are: 

1. Shipment of cable filled with oil, and without 
field evacuation and reimpregnation. 

2. Stop joints of moderate size and cost, and a rapid 
and reliable technique of installation, making practi¬ 
cable oil feed lengths as short as desired. 

3. Reliable oil feed system, including compact 
designs of expansion oil reservoir with oil volume 
indicator, and an automatic signal system designed to 
give to oil-filled cable the same superiority over solid 
t 3 q)e cable in freedom from service failures due to 
mechanical causes that it now enjoys with respect to 
electrical trouble. 

4. For multi-conductor cable provision of oil chan- 
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nels in the filler spaces, making the system equally 
applicable to single- and three-conductor cable. 

It is the purpose of this paper to give only a very 
brief outline of the general manner in which these im¬ 
portant developments have been accomplished. 

The Cable. A cross-section of single-conductor cable 
for lS2-kv. service is shown in Fig. 1. An oil channel 
is provided in the center of the conductor which is 
stranded in the usual manner on an open spiral of flat 
steel. In some cases this is also supplemented by a 
number of longitudinal slots in the inner face of the 
sheath. The cable shown is of t 3 ?pe H. construction, 
having a layer of metal foil between insulation and 
sheath. 

The cable is leaded before drying and impregnation, 
both of which processes are carried out completely in 
the factory. The leaded cable is placed in an oven 
equipped to maintain uniform temperature through¬ 
out. Special end seals are supplied which make it 
possible to apply vacuum or pressure independentiy 
to the hollow core and to the space between the paper 
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insulation and the lead sheath, and to admit carbon 
dioxide or hydrogen after the air is exhausted. Power- 
factor and insulation resistance measurements are made 
in the usual way during the drying period. The re- 
nioval of moisture and gas is accomplished by use of 
high vacuum pumps capable of producing a vacuum of 
a few microns absolute pressure. When the electrical 
measurements and vacuum attained in the cable show 
the ^ble to be completely dry, dried, degasified oil is 
admitted to the hollow core. After the cable is com¬ 
pletely filled, a considerable quantity of oil is permitted 
to flow through. When the fluted lead is used, this 
procedure makes it possible to flush out completely 
any gas or vapor occluded by the paper, and to carry 
it away in the oil as it flows through. This insures the 
elimination of gas and moisture to the highest possible 
depee. The possibility of maintaining, throughout 
shipment, installation, and jointing, the high quality 
of insulation acquired in the factory, is realized through 
the use of a transportation reservoir maintaining within 
the cable sheath a pressure slightly above atmosphere 
at all times during shipment and installation. 

The Stop Joint. The development of a reliable and 
comp^tively inexpensive stop joint, moderate in size 
and simple to install, is a most important feature of 
this system. The availability of such a joint makes it 
practicable to sectionalize the cable as regards oil supply 
to any extent desired. Independent supply for rela¬ 
tively short sections makes possible the use of smaller 
reservoirs requiring a minimum of manhole space, 
contributes to increased reliability, lessens cost of 
possible cable trouble, and permits lower hydrostatic 
pressures. 

This joint, utilizing the condenser principle, involves 
radical departures from classical methods of jointing 
and its strength as indicated by the test results given 
in Part II, has exceeded anything previously accom- 
pli^ed. A discussion of certain details of theoretical 
design (which are equally applicable to stop joints and 
to non-stop joints) will be given separately in Part II. 

The advantages of this new t 3 ^e of joint are many. 
The condenser imit which comprises the complete as¬ 
sembled joint insulation is dried, impregnated, and its 
casing filled with oil and sealed, and the completed unit 
tested before leaving the factory. This construction 
results in great saving of time and of labor in the makiTig 
of a joint in the field, the operation being practically 
limited to the assembly of mechanical fittings and the 
making of wiped joints. The reduction of time and 
area of exposure of the cable insiilation during jointing 
is also noteworthy. Also of special interest is the 
moderate space requirement of the completed joint as 
compared with stop joints of equal rating and earlier 
design. Stop joints of this type installed on a com¬ 
mercial 182-kv. line in Chicago early in January of last 
year were approximately 8% in. diameter by 61 in. 
long. On a later experiment installation at the same 
voltage, stop joints 5^ in. diameter by 65M in. long 


were used, and the perfect operation of these joints 
together with laboratory tests indicate possibility of 
still further reduction. 

The “stop" feature is provided by a simple enclosure 
(or "stop tube") applied over one or both cable ends. 
The body of this tube is of rigid insulating material and 
is cemented into a metal sleeve at each end. A special 
connector thimble is used which foims an oil-tight cap 
over the hollow core conductor and which is sealed to 
the adjacent brass sleeve on the stop tube by means of 
a gasket joint. A thin solder wipe is made between the 
sleeve on the other end of the stop tube and the cable 
sheath, thus completely closing oflf the end of the cable. 
Threaded openings are provided through the brass 
sleeves for the purpose of evacuation and oil filling of 
the stop tubes. These openings may be sealed off at 
the time of installation, or may be used for coimection 
to the oil circulating system, thus providing an ex- 



Fia. 2 —^Barbie® Tyre Terminal Abranged fob Oil 
Immersion 

tremely flexible arrangement by means of which the 
joint sleeve itself and the adjacent cable sections may 
be isolated from each other or connected to the oil feed 
in any desired combination. A joint of similar design 
is readily adaptable to three-conductor cable. 

Terminals. Two types of terminal have been 
developed for systems in the higher range of voltage. 
Fig. 2 represents an oil-filled terminal of the barrier 
type arranged for terminating a cable in oil-filled 
apparatus such as a laansformer. The barrier con¬ 
struction which is illustrated and fully described in a 
previous article has been used for a number of years in 
connection ^rith cables of the solid type insularion for 
voltages up to 66 kv. on a large number of installations, 
and on experimental lines up to 132 kv. In all of these 
installations no case of electrical failure has been re¬ 
ported. 
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A terminal of the same general design as the con¬ 
denser joint is discussed in detail in Part II and illus¬ 
trated in Fig. 12. For outdoor use the design as shown 
is supplemented by a protective porcelain bushing. 

Oil Supply. Fig. 3 shows an oil reservoir in which 
the expansible element is a single-unit metallic bellows. 
This contains the oil and is, in turn, enclosed in an 
outer gas tight steel casing. The changes in the volume 
of the oil in the cable during temperature cycles are 
compensated for by the expansion and contraction of 
the bellows, thus insuring that the pressure in the cable 
will at all times be within safe limits. In order to 
insure prompt and positive return of oil to all parts of 
the cable when contraction occurs, a small pressure 
above atmosphere (from 15 to 25 lb.) is maintained. 
This pressure can be produced by various iheans such 
as gas pressure in the outer casing, weights, springs, or 
combinations of these. With large diameter bellows, 
gas is found to be the most convenient. Supplementing 
the gas, a weight or a relatively light compression 
spring, as shown in Fig. 3, is used to overcome the slight 
inherent stiffness, of the bellows. This insures that the 
oil pressure will always be higher than the gas pressure 


of either low volume or low pressure. The volume 
indicators are operated by mechanical connection to 
the bellows and the pressure indicators are connected 
directly on the oil feed lines (see Figs. 4 and 5). Alarm 
signals are transmitted throiigh mercury tube con¬ 
tactors which operate an annunciator installed in any 
convenient central location. All contactors are con¬ 
nected in parallel and in case of low oil volume or low 
pressure the particular cable section involved is readily 
determined by opening the switch in the annunciator 




Fia. 3 —^Pbbsbvrb Ttpb VaiuabiiB Volume Oil Reservoir 


so that in case of a bellows leak, the oil will leak outward 
into the gas instead of gas passing into the oil, and, in 
addition, the bellows will be gradually compressed to 
the point where the low volume contactor will operate. 

The advantages of the single bellows type expansible 
unit in ease of assembly, and in the simplicity of design 
required for oil volume indicator and signal device 
which can be operated by the free end of the bellows 
will be evident, and cyclic life tests on bellows of this 
type up to 16 in. diameter indicate that they will have 
indefinitely long life under operating conditions. 

Fig. 4 gives a diagrammatic view of the principal 
elements of the oil feed system. Suitable valves are 
provided for isolating individual cables or reservoirs, 
and for manifolding the oil systems of the three in¬ 
dividual cables as desired. Under some conditions, 
an oil pipe line may be extended the entire length of the 
sy^m and manifolded to individual cables or reservoirs. 

In addition to the direct reading gages which are 
provided to indicate both oil volume and oil pressure, 
automatic alarm signals may be used to give warning 


circuit and balancing the simple bridge shown in Fig. 5. 

This whole oil supply and signal system is very 
simple, reliable, and sturdy. Whereas, with solid 
cables, external mechanical causes have resulted in 
more service failures than have electrical causes, the 
means here described provide an assurance against 
most forms of such interruptions on oil-filled cables 
comparable with the assurance provided against elec¬ 
trical failures by the perfect electrical performance 
oil-filled cables have so far shown. 
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Service Performance. Although the number of com¬ 
plete installations of oil-filled cable systems in conomer- 
cial operation is stifi relatively smaU, these installations 
nevertheless, in conjunction with experimental studies 
both in this cormtiry and in Europe, have clearly shown 
a very notable superiority over the older t37pes of cable. 

The remarkable performance of the 132-kv. cable 
system is well known and is indicative of the equal 
satisfaction which can be expected on cables for lower 
voltages with reduced insulation thicknesses. Even 
now in addition to several smaller installations there is 
in operation about a mile of three-conductor 83-kv. 
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cable of the oil-filled t 3 T)e installed in Los Angeles, 
California. 

The reduction in insulation wall thickness possible 
in oil-filled cable is especially noteworthy. The ex¬ 
perience with 132-kv. cable is a sufficient example. 
Cable of the type described here, now in operation in 
Chicago at this voltage, has a wall thickness of23/32 in., 
which is less than used heretofore on any 66-kv. cable 
having solid insulation. Experimental cables of this 
t 3 T)e with wall thicknesses of 17/32 in, and even 
13/32 in. have been connected to 132-kv. power lines 
at Chicago since the summer of 1930, without trouble, 
indicating the apparent reliability of this type of insu¬ 
lation at values of stress far beyond any heretofore 
possible. Other experimental cable for 220-kv. service 
has now been manufactured and preliminary tests in¬ 
cluding a voltage test in 30-sec., 25-kv. steps, up to 725 
kv. without failiu'e, indicate that it should be entirely 
adequate for operation at this voltage. 

Part II 

Condenser Joints and Terminals 

Introduction. With each step in the improvement 
of cable design, and with the constantly increasing 
strength of cable insulation, the problem of providing 
joint and terminal construction which will be as strong 
as the cable itself has been increasingly difficult. The 
advent of the oil-filled cable with its large increase in 
voltage for a given insulation “thickness has made the 
situation still more acute. 

It is the purpose qf this section to describe very 
briefly a new form of terminal and joint using the 
condenser principle which has greatly simplified the 
problems of joint and terminal design. This type of 
construction was first developed in connection with 
tests to destruction on short cable samples to provide 
terminals which would prevent longitudinal discharges 
within the terminal structure and insure that ultimate 
failure would occur in the cable itself and not in the 
terminal. One characteristic of paper insulation which 
has an extreniely important influence on joint and 
terminal design is its low dielectric strength longitudi¬ 
nally in comparison with its radial strength.' This point, 
though recognized, has been given very little previous 
study. Some data recently obtained on the longitudi¬ 
nal strength will therefore be given in this paper. 

Problems of Terminal Design. In order to have in 
n^d the problems to be met, we may review the con¬ 
dition which exist where a cable terminates. Since 
practically all high-voltage cable now made is either 
single-conductor or of t 3 pe H multi-conductor con¬ 
struction, and since the individual conductors of a 
t3pe H cable are electrically equivalent to single¬ 
conductor cables, for the sake of simplicity, this 
discussion is confined to cables of the latter type. 

Pig. 6 shows diagrammatically a terminal in its 
simplest form. Here the termination consists in the 
mere removal of a portion of the cable sheath. The 


longitudinal distribution of voltage which results in 
this case is plotted in Fig. 6. The slope of the curves 
at any point in each case shows the stress at the cor¬ 
responding point along the surface of the insulation. 
It is evident that near the end of the lead sheath there 
is in both the paper insulation and the surrounding air, 
a high concentration of longitudinal stresses. In addi¬ 
tion it is obvious that even greatly increasing the length 
of the terminal is of little avail in mitigating stress con¬ 
ditions at the sheath edge. The conditions as illustrated 
in Fig. 6 are well known and result Jfrom the elementary 
relations between the capacities to the conductor and 
to the sheath of the various points along the surface of 
the exposed insulation.. There are then two difficulties 
to be taken care of by an adequate terminal design: 

The stress in the air surrounding the terminal, which 
has comparatively low dielectric strength. 

The longitudinal stress in the paper which has a low 
strength in this direction. 

Various methods have been devised to relieve the 
stress in the air, such as building up with insulation 



Fia. 6 —Cablb Terminal in Simfleso? Form, Showing Longi- 
TUDTNAL Distribution op Potential 


around the end of the sheath, or surrounding the ex¬ 
posed end of the insulation with insulators or metal 
cones filled with oil or other insulating compound. 
But when the difficulty with the breakdown of the air 
is reduced or overcome, we are immediately confronted 
by longitudinal discharges in the cable insulation itself. 

One partial solution by means of which the longitudi¬ 
nal stresses in the vicinity of the termination of the 
lead sheath are somewhat redistributed and one which 
is in extensive use at the present time, consists of a 
flaring ground shield at the end of the sheath. This 
principle has been applied in several varied forms. 
One method which was first used successfully in labo¬ 
ratory tests and later developed for use in commercial 
terminals employs a spun-copper cone in which are 
mounted a series of concentric tubes of insulating 
material which surround the exposed portion of the 
insulation and which are filled with insulating oil. 
Sometimes this is accomplished by building up a taper¬ 
ing surface of varnished cloth or paper and the resultant 
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taper shielded with a metallic braid, or by the method 
described by Simmons® in which a cone is formed during 
the application of the insulation. Clearly, to solve the 
problem, there is required some method of controlling 
the distribution of the longitudinal stresses so as to 
make them substantially uniform throughout the 
length of the terminal. 

Resistance Type Terminals. A method of accom¬ 
plishing this which has been used to some extent for 
test terminals makes use of a semi-conducting material 
surrounding the end of the cable and having suflSciently 
low resistance to permit a current flow large enough to 
control the potential distribution by resistance drop. 
With direct current or with moderate alternating 
potentials this can be used satisfactorily. With alter¬ 
nating current, however, in order to control the poten¬ 
tial distribution effectively, the cmrent flowing through 
the resistance must be large compared to the capacity 
or charging current through the insulation. Conse¬ 
quently, for the higher voltages, say above 100 kv., 
serious difficulties are encoimtered in taking care of 
the heating due to the I* R loss, and for the still higher 
voltages this construction becomes entirely imprac¬ 
ticable. 

Condenser Type Terminals, The principles by which 
the final solution has been obtained have long been 
partially recognized and previous attempts have been 
made to utilize some of them. Since such designs have 



Fig. 7—Tbeminal with Longitudinal Distbibution Con- 

TROI/LBD BY MbtAL DiBKS 

been only partially successful due to a failure to meet 
certain fundamental requirements, no detailed descrip¬ 
tion will be made. The final solution may be explained 
with the aid of an illustration from a very early partial 
solution illustrated in Pig. 7. This represents a cable 
end upon which is mounted a series of conducting 
disks or plates insulated from the conductor and from 
each other. Consider the potential of the plate adja¬ 
cent to the one touching the sheath. Following the 
same reasoning used with reference to Fig. 6, it is 


evident that this plate will take a potential near to that 
of the sheath. Also the potential difference between 
these plates can be brought to any desired small amount 
by sufficiently increasing their size. The dimensions 
required to produce an even distribution of potential 
between these plates may be determined by a fairly 
simple mathematical analysis. In general, therefore, 
the arrangement of Fig. 7 can accomplish the desired 
redistribution of potential both along the surface of the 
conductor insulation and through the air. This scheme 
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Fig. 8—Disks Supplemented by Propeely Proportioned 
Condensers 


was developed independently by several different 
engineers. It was suggested by C. W. Davis and 
actually applied usefully in our Pittsburgh laboratory 
in 1914. It has also been well described in a recent 
paper by Farmer.® 

There are two difficulties with the type of terminal 
illustrated in Fig. 7. In the first place, it is apparent 
that there is a concentration of stress at the inner edges 
of the metal plates. In the second place, the physical 
dimensions required with this type of terminal to pro¬ 
duce requisite capacity between plates are prohibitively 
large except for terminals of only a few inches in length 
and thus adapted only for relatively low voltages. 

The arrangement of Fig. 7 is then, in spite of the 
difficulties, clearly a step, though only a step in the 
right direction. An arrangement providing the correct 
distribution by means of capacitance, and at the same 
time eliminating the difficulties shown for the device 
of Fig. 7 gives ideal results. The dimensions are 
brought within very satisfactory limits by placing be¬ 
tween the successive disks, suitably designed and 
proportioned condensers. Such condensers can easily 
be produced to stand the required voltage and to give, 
in very moderate dimensions, all the capacity that is 
required for the purpose. 

Practical Design of Condenser Type Terminal. Fig. 8 
shows diagrammatically the construction of such a 
terminal. The values of capacitance between disks 
are graded so as to obtain uniform distribution of 
potential throughout the entire length of the terminal. 
The capacitances are largest near the lead sheath, the 
smallest capacitance being near the high-voltage end. 
(Actually, on account of the increased effect of capaci¬ 
tance to groxmd of the individual condensers at the 
points of high potential compared with the effect of 
their capacitance to the conductor, the condenser of 
minimum capacitance is slightly removed from the 
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high-voltage end.) The concentration of stress at the 
edge of the disks is overcome by supplying them with 
lips which almost completely enclose the entire cable 
insulation within the terminal, the condensers being 
insulated from each other by a wrapping of varnished 
cloth. A test terminal of this t 3 TJe is shown in Pig. 9. 
To illustrate actual dimensions, as used for testing 
cables up to 8 in. in diameter, the individual condensers 
are about 3 in. inside diameter, about 7 in. outside 
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Pig. 9 —^Practical Drsign Tiist Tbrminai, with Disk Type 
C oKDENSEBS. (DbtAILS OmITTED.) 

diameter, and in. to 1 in. in thickness. The group 
of condensers made up in this way is ordinarily en¬ 
closed in a suitable tube of insulating material and 
impregnated in insulating oil. With such arrangement, 
and with condenser stack less than 4 ft. long, many 
tests have been made on various sizes of cable at volt¬ 
ages up to 350 kv. One cable having 26/32-in. 
insulation was tested for over 200 hours at 300 kv. 

Condenser Type Joints. The same principles have 
been applied to joint design. Some new problems are 
tihere presented but these were satisfactorily solved and 
highly eflBcient joints were produced. However, the 
much lower cost of the type of construction now to be 



Pig. 10—Condenser Joint with Cylindrical Type 
Condensers 

described has caused this later design to displace en¬ 
tirely the earlier one. 

New Form of Condenser Construction. In this design, 
a schematic cross-section of which is shown in Fig. 10, 
longitudinal distribution of voltage is likewise con¬ 
trolled by condensers. The condenser electrodes, how- 
evet, are made up of a nest of conducting cylinders 
A of different diameters arranged coaxially with the 
conductor and insulated from each other by saturated 
paper insulation. At the ends of these cylinders are 
radial sections B, which are in effect conducting disks, 
terminating at their inner edge in short cones C by 


means of which electrical connection is made to various 
points along the exposed cable insulation, thus con¬ 
trolling the longitudinal stress distribution in this 
region. The potential of the successive cylinders is 
controlled so as to produce the desired longitudinal 
distribution by adjustment of the respective capaci¬ 
tances between them. Two methods of accomplishing 
this are used. The thickness of the paper insulation 
between successive cylinders is varied, or multiple 
layer condensera are produced by connecting alternate 
cylinders in parallel as shown at D. As the firat con¬ 
denser is connected to tiie conductor and the last 
condenser to the sheath the potentials of the inter¬ 
mediate points are determined by the series of 
condensers. For uniform potential distribution the 
capacitance required for succesrive condensers increases 
progressively from the iimer part toward the outer due 
to the fact that the outer condensers carry not only the 



Pig. 11—^Eppbct of Slope of the Conical Section of 
Condenser Electrodes on Stress DisTRistmoN 

charging current of the inner ones but charging cuircnt 
from the conductor to the successive flaring end sec¬ 
tions. For example, in joints recently manufactured 
for use on a 600,000-cir. mil cable with )^in. hollow 
core and 26/32-in. insulation, 15 condenser steps were 
used, and the capacitance required for a given potential 
drop on the outer condenser is approximately 45 per 
cent greater than that required on the inner. 

It has been mentioned that the inner edge of the 
radial section of the condenser electrodes terminates 
in a short cone. The slope of the cone varies for the 
different condensers, becoming longer and with gentler 
slope as the distance from the center of the joint in¬ 
creases. In that portion of the joint near the end of 
the lead, there is a large potential difference between 
the condenser electrode and the conductor. If the 
radial section were brought down to the inner diameter 
of the joint and terminated without the cones, a very 
pronounced concentration of stress would occur, the 
lines of force being somewhat as shown in Fig. 11a. 
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It is obvious that by merely causing the inside edge of 
the disk to terminate in a cone, this concentration may 
be relieved as is evident from the stress diagram in 
Fig. lib. Consider a portion of the joint insulation 
between the radial sections (or disks) of two adjacent 
condenser electrodes, m and n Pig. 11c and near their 
inner edges. This is seen to be under radial stress due 
to the potential difference between the overlying con¬ 
denser electrode and the conductor, and under longi¬ 
tudinal stress due to the difference in potential between 
the condenser electrodes themselves. Consider for the 
moment only this longitudinal stress along the cylin¬ 
drical surface of the insulation between the inner edges 
of these cones, m being the flanged section of the con¬ 
denser electrode nearer to the conductor potential. 
If the ^gle of flare of n is very small, the potential of 
any point P on the surface between A and B and not 
very near to A will take a potential near that of B, with 
a result that the longitudinal stress will be very highly 
concentrated near A, with correspondingly low stress 
near B. It will further be seen that the potential at 
this point P is determined largely by the capacity rela¬ 
tions to the conductor and to the overlying surface n. 

It will also be evident that a minimum concentration 
of stress will occur if the distribution longitudinally 
between A and B is made approximately uniform, and 
furthermore, that by selection of proper dimensions 
the radial stress may be utilized to bring about this 
result. By the following approximate formula, the 
development of which is omitted on account of space 
limitations, it is possible to calculate the dimensions 
of the surface n which will give the desired distribution 
of potential along the surface between A and B, 


In this formula V is the voltage between the conductor 
and n, v the desired voltage between P and n; r the 
conductor radius, r' the radius at P, and r" the required 
radius of n over the point P. 

By plotting the points thus calculated for the region 
near the end of the lead, it will be found that the theo¬ 
retical curve for the flaring surface to give equal voltage 
distribution deviates only a little from a straight line 
within the dimensions used. For the purposes of the 
joint it is approximated within the limits of practical 
construction by calculating the value of r" for the point 
A, and using a straight line between the point on the 
conical surface thus determined and B. That is, the 
slope of the cone n is made suph that the potential of 
the point of origin of the adjacent cone as determined 
by the radial field tends to be the same as that fixed by 
the capacity adjustment of the cylindrical condensers. 
This insures against concentration of radial stress at 
this point and provides substantially uniform distribu¬ 
tion of longitudinal stress between the steps fixed by 
the condensers. The formula used is substantially 


correct near the ends of the joint where the radial field 
is high. In the region approaching the center of the 
joint, the error of the formula is progressively greater. 
In this region, however, the radial stress is very low 
and the importance of maintaining the correct an^e is 
correspondingly less, so that the resultant design is 
completely adequate at all parts. 

With all parts of the insulation of ufiiform resistivity, 
correct distribution for alternating current would also 
produce correct distribution for direct current. In the 
simplest form of construction, such homogeneity does 
not occur. Suitable practical means have been found, 
however, to provide resistance adjustment to produce 
this uniformity of distribution for direct current as 
well as for alternating current. 

Design and Construction of Commercial Joints. For 
convenience in manufacture, in the making of practical 
joints, the condenser construction is not applied directly 
over the conductor insulation, but is made up as an 
independent factory built unit. Reference to Fig. 10 
will show the construction clearly. There is an inner 
tube (called the “condenser tube”) of rigid in.<ni]atiTig 
material such as cellulak or micarta upon which the 
joint proper is wound. At the middle of this tube is 
inserted a short metal ring which forms the contact 
element between the conductor and the first condenser 
electrode. The insulation is made up of a continuous 
wrapping of 5-mil wood pulp paper, of a width equal 
to that of the total length of the condenser unit, and 
applied in one continuous length to the condenser 
tube which is mounted in a lathe especially equipped 
for this work. The cylindrical condenser electrodes 
are made of sheets of zinc one or two mils thick, and of 
suitable dimensions, which are wound in with the paper 
wrapping at appropriate intervals to provide the de¬ 
sired thickness of dielectric. The first of these plates 
is applied directly over the condenser tube, and makes 
contact with the central metal portion. The radial 
end sections of the condenser electrodes with their 
flaring terminations are foimed by feeding in continu¬ 
ously with the paper wrapping, narrow foil tapes, in. 
wide by 1 mil thick. The tapered or conical section 
is formed by feeding the spool carrying the metal tape 
along the tube longitudinally as the tape is wound in. 
Connection between the foils and the cylinders is made 
by soldering, and where the length of foil becomes 
excessive so that the reactance might interfere with the 
effective potential distribution under high-frequency 
transients, as in the radial portions where the insulation 
is quite thick, successive turns are short-dreuited by 
metal pins passing radially through the tapes and 
intervening paper. 

When the winding of the condenser unit is complete, 
the whole unit is encased in a thin sheet of corrugated 
copper. After preliminary chying, sheet copper end 
sections provided with copper tubes for saturation are 
soldered in place and final drying and impregnation 
with transforms oil is accomplished in specially con- 
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structed vacuum tanks arranged with automatically- 
controlled electric heating and special high -vacuum 
pumps. After the copper tubes through the end are 
sealed oflf, the condenser imits are ready for test. By 
a very simple temporary assembly, each unit is sub¬ 
mitted to a routine high-voltage test before shipment. 
The possibility of making such a test constitutes a 
distinct advance over previous jointing practise. The 
corrugations in the copper casing provide ample capac¬ 
ity for expansion and contraction of the oil due to 
any changes in temperature either in handling before 
installation or in service afterwards. 

It will be seen that continuous oil films exist in the 
space between the condenser tube and the stop tube, 
and between the stop tube and the factory applied 
insulation. The longitudinal stress in the films in the 
portion of the joint imder the condenser unit is con¬ 
trolled by the condenser construction. In the region 
-near the end of the joint, control of longitudinal 
stress is pro-vided by tapering down the stop tube 
where it is fitted into the brass sleeve, this slope being 
calculated by use of the same formula developed in 
connection with the slopes in the condenser unit. Even 
with the longitudinal stress taken care of, however, the 
large radial stress on the oil film within the stop tube 
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would be excessive and develop failure in this region 
except for application of the method now to be de¬ 
scribed. This construction is very simple and now 
seems quite obvious but has eliminated completely ttiig 
point of weakness. It consists in building up -the 
conductor insulation inside the stop tube by use of a 
tube of impregnated paper, which is arranged to be 
slipped over the end of the cable and tightened up on 
the factory insulation by twisting in the proper direc¬ 
tion. The paper is cut to give the proper taper at the 
end next the lead and this tapered portion is covered 
vdth metal after the paper tube is in place. The 
diameter to which the insulation is built up in this way 
may be made sufiadent to reduce the sta-ess at the outer 
surface to a value well below that which will produce 
ionization in the oil film. 

Where the stop feature is not to be used, the stop 
tubes are omitted and the exposed cable insulation is 
b-uilt up to the desired diameter by the xise of a similar 
tube of impregnated paper. This makes it possible to 
use a condenser tube large enough to slip back over the 
lead with ample clearance, and insures against dis¬ 
charges over the surface of the factory insulation. 


Cylindrical Type Condenser Terminals. The same 
general features of condenser design have been applied 
to high-voltage terminals and have proved equally 
satisfactory. Fig. 12 shows the cross-section of a test 
terminal of this type. The use of the impregnated 
paper tube has also been applied to this and to other 
t 3 q>es of terminal with gratifjnng results. 

Longitudinal Strength of Oil Films. By this con¬ 
struction it has been possible to obtain substantially 
uniform longitudinal distribution of stresses and the 
limiting feature in design has become the actual strength 
of thin oil films longitudinally and of the impregnated 
paper insulation in a direction parallel to its lamina¬ 
tions. In earlier joints, the high local concentrations 
of stresses were not easily determined and were xisiially 
not known, hence practical methods of reducing these 
maximum stresses or of introducing constructions 
gi-ving higher dielectric strength at the points where 
they occurred were of more importance than informa¬ 
tion as to the stress which could be sustained by the 
film if the potential were uniformly distributed. Con¬ 
sequently, very little previous work has been done in 
deternuning ^dfic -values of longitudinal strength, 
and so far as we know, there are no published data on 
the subject. We have found that the longitudinal 
strength is of the order of 10 per cent of the radial 
strength. While, in general, factors tending to affect 
the strength in one direction have a similar effect on 
the strength in the other, the degree to which they 
affect these two values is found in some cases to vary 
enormously. For example, both are affected by the 
degree of saturation, but the effect on the longitudinal 
strength is very much more pronounced. On the other 
hand, the element of time has a very important effect 
on radial strength while its effect on longitudinal 
strength is much smaller. As a result, tests invol-ving 
both radial and longitudinal stresses are more likely 
to produce longitudinal failure when made at very high 
voltages for short time and radial failures when made 
as long-time tests at lower voltages. 

A large amoimt of experimental data has been ob¬ 
tained concerning the longitudinal breakdown strength 
of oil films similar to those in the cylindrical condenser 
joints. Tests were made on some 350 specimens con¬ 
structed by winding strips of l-nul foil between the 
lay^ of a paper tube, using qiacings of from ^ in. to 
M in., the samples being impregnated with oil under 
vacuum and tested under pressures ranging from at¬ 
mospheric to 65 lb, per sq. in. absolute. No attempt 
was made to eliminate “edge effect,” the intention being 
to reproduce substantially the conditions in the con¬ 
dense units. For the conditions of the tests, the results 
ob-fained have enabled -us -to draw the foUovnng con¬ 
clusions: 

a. Lon^tudinal breakdown strength of such an oil 
film one mil -thick with one inch separation of electrodes 
and tested unde 20 lb. pe sq. in. gage pressure 
--40 to 60 kv. 
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b. No indication of reduction of strength with in¬ 
crease of time of application was found within the limit 
of the times used in these tests. (1 second to 30 
minutes.) 

c. Longitudinal breakdown under the conditions of 
test varies as about the square root of the 
between the electrodes. 

d. The effect of pressure is to increase the break¬ 
down strength as something like the eighth root of the 
absolute pressure. 

Test Results on Joints. Typical results of tests on 
complete joints may be of interest. On the earlier 
joints having a total of 14 in. longitudinal creepage 
distance, tests were obtained up to 300 kv. for approxi¬ 
mately 8 hours without failure. Further tests on other 
joints with creepage distances down to 8 in. have given 
results which are about proportional to the one just 
cited. 

Conclusion 

In earlier designs of joints and terminals for very 
high operating voltage, the difficulty with concentra¬ 
tion of stress increases with increased voltage, so that a 
small increase in voltage requirements necessitates an 
entirely disproportionate increase in joint and terminal 
dimensions. As a result, a rather definite limit was 
established, beyond which further increase in voltage 
was impracticable. Since the condenser construction 
provides complete control over the potential distribu¬ 
tion, any increase in voltage may be taken care of by a 
proportional increase in creepage distance and in the 
number of condenser steps. Consequently, by a simple 
adjustment of dimensions, the advantages already de¬ 
rived from the use of joints and terminals of this type 
on the highest voltages now in use become equally 
available for any operating voltage for which cables 
may later be built. 

These developments have made possible the re¬ 
alization of a unified oil-filled cable system which 
involves a minimum of complication and which, in the 
higher-voltage range, has a decided cost advantage 
over solid type cables. This system not only fully 
realizes the outstanding advantages inherent in the 


oil-filled principle, but incorporates additional valuable 
features. Thus, it is possible to install the cable nearly 
as readily as solid type cables for lower voltages. The 
system provides for efficient sectionalizing of the oil 
feed and for prompt detection of oil leaks or abnormal 
pressures. As a result, the freedom from electrical 
faflure which is characteristic of oil-filled cables may 
be expected to be matched by freedom from service 
failures due to most of those external causes which 
result in failures on the present solid t 3 npe system. 

So extremely rapid has been the development which 
has taken place in this field in methods of manufacture 
and in the improvement in the technique of handling 
and of installation, that problems which only a com¬ 
paratively short time ago seemed to be extremely 
difficult have become of minor importance. An in¬ 
creasing volume of information gives assurance that 
oil-filled cable will fulfil all theoretical expectations, 
and as a result, it has opened up entirely new fields of 
usefulness for insulated cables. 

Grateful acknowledgment is made to the many asso¬ 
ciates of the authors who have contributed largely to 
the development here described and to the utility 
engineers who have cooperated in obtaining data on 
performance of oil-filled cables and accessories in 
actual operation. 

Bibliography 

1. “Oil-fllled Cable Design,” Q. B. ShaiJdia and V. A. 
Sbeals, Electrical World, 1929, vol. 93, page 97. 

2. “Higb-Tension Cable Development,” G. B. Shankliu, 
General Electric Review, 1929, vol. 32, page 328. 

3. “Installation of High-Tension Cable,” L. Emanuoli, 
L’Eleclrotecnica, 1929, page 609. 

4. Characteristics of Oit-jUled Cable, G. B. Shankliu and F. H. 
BnUer, Trans. A. I. E. B.. Deo. 1931 p. 1411. (A more complete 
bibliography is included in this paper.) 

6. A New lSS,000-Volt Cable Joint, A. I. E. E. Trans.. 
XLVI, page 240. 

6. Tests of Paper-Insulated High-Tension Cable, A. I. B. B. 
Trans., Vol. XLV, page 563. 


Discussion 

For discussion of this paper see page 1447, 




Residual Air and Moisture in Impregnated 

Paper Insulation—III 

BY J. B. WHITEHEAD* and F. HAMBURGER, Jr.f 

Fellow, A. I. B. E« Associate, A. I. B. B. 


Introduction of a possible correlatioii between initial changes in power 

TN an earlier paper^ we have described a series of factor and subsequent life. 

A studies of the influence of residual air and moisture Accbueeated Lifb Tests 

on the properties of impregnated paper insulation. Description of Specimens. The sample used for the 
The power-factor voltage characteristics of impregnated accelerated life t^ts was much the same as that de- 
paper, as used in high-voltage cables, are well known. A scribed in our earlier paper. Several modifications 
sharpnsempowerfactorwithincreaseofvoltagehasbeen were necessary, howeya-, due to the importance of 
accepted as an indication of poor quality and generally strengthening the ends of the specimens to enable them 
M mdicatmg l^ge amounts of entrapped air or gas. to withstand the high voltages required for the acceler- 
One of the stnldng results of our studies has been the ated life tests. The early tests resulted mostly in flash- 
rdatively ^all effect of residual air upon the shape of overa and punctures of the end of the sample. In order 
the power-factor voltage curves. The shape of these to obtain a true test it is important that the breakdown 
curves was not appreciably affected in the range of should occur in a section of the sample in which the 
e^cuation pressure from one to ten centimeters of Hg., electric field is uniform, or in other words, under the 
ab^lute pr^ure and furthermore the curves were test electrode. In the final results this condition has 
perfectly flat up to 800 volts per mil and 60 deg. cent, been met, although a tendency to breakdown towards 
Only at impre^tion pressures above 25 cm. Hg. did the ends is avoided only with the greatest care in 
the typical nsmg power-factor voltage curve become construction. 

evident. Visual examination always showed dryness Each sample consisted of a brass tube one inch in 
and air in samples havmg rising power-factor voltage diameter and four feet long. Each tube was cleaned 



THICKNESSES 


1. Linen thread. 60 turns per in. 

2. Lead electrode 1/64 in. 

3. Foil extension of electrode 4 miia 

4. Paper tape insulation 66 miia 

curves while evidence of excellent thorough impregna- 
tion was associated with samples having flat power- 
factor voltage characteristics. 

In this paper we present the results of further study 
on the still open question of the influence of residual air 
upon the life of the finished insulation. Here, as before, 
we use toe value of the pressure of evacuation and im- 
pr^mdtion as a measure of the amount of residual air. 
^ in toe foregoing studies the present work has also 
brought out much interesting information on othra- 
phases of im pregnated paper, notably in toe suggestion 
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6. Brass tube 1/82 In. 

6. Paper insulation 8 mila 

7. Paper end reinforcement 0.31 In. max. 

8. Balcelite ring 

and polished and drilled at each end with thirty-six 
No. 58 holes ^aced uniformly in toe region from 3 to 
8 in. from each end. These holes were necessary in 
order to insure complete impregnation of the sample 
at the ends, where the insulation wall was much thicker. 
E^h tube then received a wrapping of fifteen layers of 
1-in. wide, 0.0043-in., thick, manila paper. The paper 
was fed on spirally in the usual manner, in each layer 
the successive turns lapped slightly, the lap varying 
from 1/32 in. to a close butt contact. The laps in suc¬ 
cessive layers were displaced successively by approxi¬ 
mately in. The insulation wall averaged 65 mils in 
thickness. 

Several different methods of building up the ends 
w^ tried brfore a satisfactory construction was ob¬ 
tained. Various combinations of reenforcing insulation 
and metal bells were tried. One of these methods met 
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wi^ considerable success but the most satisfactory 
end construction employed was suggested by R. W. 
Atkinson. A cross-section of this method is shown in 
Pig. 1. The end is built up of some 70 turns of kraft 
papOT so cut before appl 3 ang that when put in place a 
gentle slope resulted. A lead foil covering of t:big slope 
formed the guard electrode of the specimen. The 
slope was detemuned by cajculation so as to give a 
uniform longitudinal stress, of a predetamined safe 
value, along the end of the sample. The guard laps 
over and is insulated from the end of the te^ electrode. 
At the outer edge the lead is turned back and smoothed 
to avoid sharp edges. This end has been very satis¬ 
factory and nonnally shows no signs of stress. This 
is true even in cases where a voltage of 50 kv. (800 volts 
per mil on the insulation wall) has beai applied for as 
long as 180 hours. 

Drying, EvucucUing and Impregnating, The e<iuip- 
ment used for drying, evacuating and impregnating has 
already been described in the paper referred to above 
which also gives details of the Schering bridge used for 
power-factor measurements. One new piece of eQuip- 
ment has been added during the present investigation. 
This is a chamber into which compound can be admitted 
under vacuum for the removal of air and other gases. 
The compound is piped directly from this chamb^ to 
the impreg^ting tank and thus is never in the presence 
of air after it has once been treated under vacuum. 

In view of the importance of residual moisturo all the 
paper samples were first dried to the same standard 
condition before impregnation. This standard con¬ 
dition was determined by the value of the d-c. conduc¬ 
tivity measured at 1,500 volts as described in the first 
paper. TVo methods were used to obtain this standard 
dpr condition. The specimens were either dried in 
air for 72 hours, or were subjected to a vacuum of 
mm. Hg. for 48 hours. The temperature for both 
methods was 105 deg. cent. Check measurements 
showed that both methods resulted in samples having 
similar characteristics. 

The specimens, having reached the dry state, were 
evacuated to the various pressures to be studied. For 
the samples dried in the open this evacuation of 24 
hours took place immediately after the air drying paiod. 
For the vacuum dried samples a 24-hour period in dry 
^ at atmospheric pressure and 105 deg. cent, was 
inserted between the drying and evacuating periods in 
order to offset the effect, on the amount of residual air, 
of the low vacuiim of the vacuum drying treatment. 

Following the evacuation treatment at 105 deg. cent, 
and at the particular pressure being studied, the tem¬ 
perature of the samples was reduced to 60 deg. cent, 
while the evacuation pressure was maintained. When 
a constant temperature of 60 deg. cent, was reached 
the impregnation was started. The samples were im¬ 
pregnated by slowly admitting compound and holding 
the pressure constant in the impregnating chamber. 
This was accomplished by regulating properly the open¬ 
ing of the inlet valve and the speed of the vacuum pump. 


The compound was ^wasrs evacuated at ^ mm. and 60 
deg. cent, before being used for impi^egimtion. After 
the necessary amount of compound had been admitted 
to the impregnating chamber the pressure and tem¬ 
perature were held for two hours at tire same values 
used during the impregnation. Following this two- 
hom* interval the pressure in the impr egnating chaihber 
WM raised to atmospheric by the admistion of nitrogen. 
Direct current measurements of conductivity were 
then made, after which the samples were allowed to 
cool to room temperature. 

The oil treating equipment consisted of an open 
reservoir into which the compoimd was emptied from 
the containers in which it was shipped. In this reser¬ 
voir the compound was heated to 60 deg. cent. It was 
then slowly admitted into the treating chamber which 
had previously been evacuated to a pressure of mm. 
Hg. During the admission of the compound this 
pressure was maintmned. The oil passed into the 
treating chamber through a spray nozzle and was 
sprayed on the apex of a metal cone. Thus the oil was 
spread out in a thin layer to facilitate the removal of 
air and gas, Prom the top cone the oil dripped on to 
two other cones and then into the bottom of the 
chambe* where it was stored until needed for 
impregnation. 

After the specimens had been allowed to cool to room 
temperature in the impregnating chamber they were 
transferred to the high-voltage test box where they were 
immersed in compound for the tests. In some cases all 
three of the samples were transferred at the same 
in other cases they were transferred singly and while 
one sample of the set was under life test those remain¬ 
ing were kept in the impregnating chamber under com¬ 
pound in an atmosphere of nitrogen. 

Test Pbocbdubb 

Lif e Tests, For the accelerate life tests it was found 
desirable to use a value of stress that would give a 
reasonably long life, say twelve hours, for tiie poorest 
specimens and a short enough life for the best specimens 
so that the testing would not stretch out ovot too long a 
period. It was found early that the range of quality of 
the samples being tested was entirely too wide to permit 
the use of one given voltage stress for all the tests. 
After feeling our way in the preliminary experiments 
the following test procedure, known as "standard test 
procedure A," was adopted: 

400 volts per mil for 22 hours 
500 volts per mil for 22 hours 
600 volts pa- mil for 112 hours 
700 volts per mil to breakdown 
Power factor measured two hours after each change 
of voltage, and then every four hours. 

This procedure was used throughout the first group of 
accelerated life tests. Following this first giioup a 
second series of samples was run through in which a 
newer type of compound was used for impregnation 
This new compound resulted in samples having a con- 
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sid«^bly longer life than those of the first group. Con¬ 
sequently test procedure A was found to be too slow and 
a more rapid procedure was developed. This is known 
as “standard test procedure B," and is as follows: 

400 volts per mil for.l hour 
600 volts per mil for 1 hour 
600 volts per mil for 10 hours 
650 volts per mil for 10 hours 
700 volts per noil for 37 hours 
750 volts per mil for 40 hours 
800 volts per mil to breakdown 
Power factor—^first measurement at the start and 
tiien once at each change of voltage. 

The life tests were all conducted at a constant tem¬ 
perature, 40 deg. cait. This value was decided upon 
as it was well within the operating range of insulation 
of this type and was sufficiently above the range of 
ambient values to pmnit good temperature control. 
The temperature was maintained, in most cases, to 
within plus or minus deg. cent. In several tests of 
very poor specimens the energy dissipated as dielectric 
loss was so large that it was impossible to hold the tem¬ 
perature down to 40 deg. cent. In one such case the 
temperature rose to 51 deg. cent, before breakdown. 
This condition was only encountered in two instances. 

The life tests on a group of three specimens were made 
both singly and three in parallel. Some difficulty was 
experienced in the use of the parallel connection. This 
was first noticed by a marked absence of imiformity in 
the life of the three specimens of one group. The third 
specimen invariably showed a much longer life than the 
other two. This was at variance with the results of 
the tests on single spedmens which were very satisfac¬ 
tory from the standpoint of uniformity. Thae was 
evidence that the parallel arrangement facilitated the 
occurrence of oscillations whenevw an initial local 
failure started. These oscillations resulted in the 
liberation of excessive energy at this point of initial 
failiue, with greatly accelerated approach to break¬ 
down. The first attempt at correction was to insert 
reristors, of approximately 8,000 ohms each, in the 
high-tension lead between each outer specimen and the 
middle one. This improved conditions somewhat but 
was not entirely satisfactory. A resistance of the same 
value (8,000 ohms) was then inserted in the high-tension 
lead in series with each specimen. This connection 
proved to be fairly satisfactory and enabled us to test 
some of the ^ecimens in parallel. In view, however, of 
a continued ^certainty as to the presence of this tsrpe 
of disturbance, the majority of the samples were tested 
singly. 

Power-Factor Measurements. As a preliminary check 
of the character of the impregnated specimens, power- 
factor measurements over the voltage range from 60 to 
300 volts per mil and at two temperatures, room and 
40 deg. cent., were made on most of the specimens be¬ 
fore starting the life test. In some cases the power- 
factor voltage relations were also studied at 60 and 80 
deg. cent. 


The life test of each specimen,'tested by procedure A, 
was interrupted for about six minutes at intervals, 
usually four-hours, in order to measure the power fac¬ 
tor. This was only done for those specimens which 
were tested singly. These measurements permitted us 
to study the variations of power factor during the life 
of the specimens. For the samples tested by procedure 
B the power-factor measurements were taken only at 
each change of voltage. These measurements brought 
out a number of interesting points which will be dis¬ 
cussed later. 

Visual ExaminaMon. All the specimens tested to 
destruction were stripped and examined and the condi¬ 
tion of the insulation noted. In the early stages of the 
work the points of breakdown showed considerable evi- 
d^ce of disruptive discharge. The burned areas were 
large and badly tom. Subsequently the breakdowns 
took the form of clean punctures of the insulation. 
These punctures were generally cone shaped holes about 
3/16 in. in diameter at the sheath and tapering to a 
point at the conductor. The area around this t 3 Tpe of 
break was clean and showed the same visual character 
as unstressed insulation except in some few cases in 
which the insulation in the vicinity of the break was 
very dry and contained only a very meager amount of 
compound. 

The disruptive type of breakdown we attribute to 
oscillations at the instant of failure. Careful groimding 
and shidding of all circuits eliminated this type of 
failure. Similar dismptive breakdowns occurred in 
the parallel test connection before the insertion of 
damping resistors. 

The specimens that were short lived showed, upon 
examination, evidence of large quantities of entrapped 
air or gas and incomplete impregnation as was indicated 
by the dryness of the paper tape. The best specimens 
were all well impregnated, thoroughly saturated with 
compound and free of any signs of voids or air spaces. 
Intermediate spedmens were in general well saturated 
and free of air or gas. These specimens would occa¬ 
sionally show traces of gas at the tape edges. 

Results 

VoUage-Time Relations. In any study of the life of 
impregnated paper insulation it is obvious that an 
accelerated life test is necessary. Furthermore, in 
order to investigate insulation having a wide range of 
quality a step test is essential. This immediately raises 
the question of a basis of comparison as related to the 
various voltages of the st^ test. 

■\rery little information is to be found in the literature 
concerning the voltage-time relations of impregnated 
paper insulation. In general two t37pes of relationships 
have been proposed. The &st is based on a voltage¬ 
time curve which becomes asymptotic to a line parallel 
to the time axis and gives a law stating that the life 
varies inversely as some power of the voltage in excess 
of the value of the asymptote. The second states that 
the life varies inversely as some power of the voltage. 
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F. W. Peek, Jr.^ suggested a law for the first t 3 npe of 
relationship. He found that for impregnated paper 
tested for breakdown in the range from a fraction of a 
second to sixty seconds the curve fitted the expression 

where G is the breakdown gradient for a time t and G, 
is the gradient which the insulation will stand for an 
infinite time without failure. The constant a depends 
on the type of insulalion, the temperature and other 
factors. Peek foimd that for his experimental results 
the value for n was foxu*. 

J. Delon* investigated this relation further and 
pointed out that the value of n is not a constant when 
t vanes over a wide range. He found in his experi¬ 
mental work that n increased from four to «ght when t 
changed between the limits of one to two thousand 
hours. 

W. Schmidt^ has given an interesting discussion of 
the voltage-time relationship of this type. He pro¬ 
poses a method for the determination of the quality of a 
given sample of insulation on the basis of the instan¬ 
taneous breakdown strength and the so-called limiting 
voltage. He takes the value of n as two and criticizes 
the use in this country of values as high as seven and 
eight. 

From their experiments on three-conductor cable im¬ 
pregnated with heavy oil, D. W. Roper and H. Halperin® 
find that the second type of relationship agrees with 
their data. They state that “the breakdown voltage 
varies inversely as the seventh root of the time." F. W. 
Farmer® and F. M. Clark^ independently check this 
seventh root relationship. Clark calls attention to the 
fact that the type of insulation and the temperature as 
well may vary the slope of the voltage-time curve. 

The first type of relationship appears to be more 
logical but the second seems to be in favor among insu¬ 
lation engineers. It is apparently, based on the average 
results of extended periods of observations of com¬ 
mercial breakdown tests, the power of the voltage 
varying from the fourth up to as high as the nineteenth. 
The power is assumed to depend upon the duration of 
the test as well as the quality of the insulation. It is 
obvious that th^ is little exact knowledge of the sub¬ 
ject and that no general law exists. It seems to be 
agreed, however, that as a method of comparison the 
simple inverse powa: relation is roughly reliable, with 
a considerable range of the power of the voltage. Our 
tests have all been of comparatively short duration and 
our insulation of high quality. Discussion with others 
working in the same field led us to adopt the eighth 
power law as a basis for comparison in our tests. All 
our specimens, therefore, were reduced to “hours life 
at 400 volts per mil" on this basis. 

Our results show that this law is only a mode of 
comparison and in the longer lived specimens it leads 
to ridiculous results. For example, considering 100 


volts per mil as an average operating stress and taking 
6,000 hours at 400 volts per mil as the average life of a 
good quality sample, calculation on the basis of the 
eighth power law giv^ an equivalent life at 100 volts 
per mil of over 50,000 years! Systematic studies of the 
law of life, as related to the length of accelerated life 
tests, are badly needed. 

As a matter of interest the first tjnpe of voltage-time 
relationship has also been considered in studying our 
results. This is the law suggested by Peek, Delon, and 
Schmidt and it assumes that there is some voltage 
greater than zero for which the insulation life would be 
infinite. The life of the insulation, then, is inversely 
proportional to some power of the excess of voltage over 
this base voltage. The present tests indicate that for 
the type of sample and compound used a base voltage 
of 400 volts per mil and the fourth power of the excess 
of voltage over that base gives reasonable results. The 
lives of several specimens have been recomputed on this 
basis and compared with the same lives calculated by 
the eighth power law. The relative differences between 
specimens is practically unchanged and the second 
method of calculation modifies the results not at all, 
except as to the numerical values of the estimated life. 

Life-Pressure Relations. In all, over 135 samples 
have been built and tested to destruction. Of these 
60 samples were used in the development of a reliable 
method of test and the remainder have been used in the 
actual results. The results are shown in Figs. 2 and 3. 
Each point is the average of from five to nine separate 
tests. 

The curve marked A in Fig. 2 shows the variation of 
life with the pressure of impregnation for samples im¬ 
pregnated with a compoxmd designated as A. The 
points on the curve are average points and represent all 
samples except those in which the test was not truly 
representative of the insulation strength, such as tests 
in which there were end failures or other troubles. One 
is struck, upon looldng at the curve, by the small dif¬ 
ference in life obtained by reducing the air pressure of 
impregnation from 2.5 cm. to 2 mm. Hg. This is due 
to the difficulty of obtaining reliable points at these low 
pressures. It was very difficult to obtain failures in 
sections of the insulation wall in which the electrostatic 
field was unquestionably uniform. It seemed desirable 
therefore to investigate further this particular pressure 
range and to modify the specimen construction so as to 

improve the reliability of the results. ^ 

The original supply of compound A having run out, 
it WM necessary to obtain a new one. As it was im¬ 
possible to obtain a duplication of the first supply 
another compound had to be used. This question will 
be discussed further in another section of the paper. 
This second supply of compound has been designated as 
compound B and the results'of an extensive series of 
observations using it are plotted in the curve marked 
B of Fig. 2. The results here are more reliable than 
those of the curve A, within the same pressure range. 
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We have shown for curve B a much wider difference in 
life than in the corresponding section of the life curve A. 
The curve B shows an increase of 60 per cent in life for 
a decrease in pressure from 2.5 (an. to 2 mm. The data 
show definitely an increase in life in this pressure range 
of 10 per cent and indicate, we believe, the increase of 
50 per cent shown on the curve. 
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Fig. 2—^Relation Betwbbn the Phbssubb of Impregnation 
AND THE Life of Impregnated Paper Insulation 


Oompoimds A and B 


The scattaring of the points obtained at the 2.6 cm. 
and the 2 mm. pressures is shown in Table I. The 
average values used in plotting the curves have been 
based on a critical analysis of all the results. Careful 



Pis. 3 —BbTWIIIIN THE PBBSStnUBl OF ImPBEONATION 
AND THE OnE*HoUB BREAKDOWN VOLTAGB OP lUPBBGNATED 
Paper Insulation 


study of the test and the examination of eacdi sample 
led to the selection of those used in computing the 
average. For example, the first column of Table I 
shows a range of life from-232 to 3,850 hours. Out of 
a total of twelve tests five were rejected due to the 
proximity of the failure to the sheath cut between cen¬ 
tral electrode and guard. 


TABI/B I 


Impregnating 

pressures 2 Mm. 2.6 Om. 


Oompound 


A 

B 

A 

B 



..1.483.... 

...12,290*... 

....2,262*... 

.. .4.618* 



..3.850*... 

.. 4,100*.. 

... 896. 

.. .3.809* 



. .2,102*... 

.. 4,213*.. 

... 668. 

.. .4,049* 



..3,026*... 

.. 6,189*.. 

...2,332*.... 

.. .4,308* 



.. 474.... 

..11,614*.. 

... 261. 

,. .4,221* 

Hours life at 400 ^ 

.. 

.,2,365*... 

.. 863... 

.. .2,102* 

volts per mil.. 

*. 

..1.346_ 

. .2.377*... 

.. 420. 

.. 232. 

. .3.059 
..2,091 

.. 372... 

.. 4,141*.. 
.. 4.383*.. 

.. 4,036* 

.. .2,442* 
...1,909* 
...3.166* 


Average. 


.2,696. 

.. 6,370.... 

...2,367. 

.. .4,141 


’^'Indicates specimens used in computing average. 


The results when examined in detail offer an explana¬ 
tion of the difficulty in obtaining uniform results in the 
tests in this low-pressure range. When the impregna¬ 
tion pressure is 2.6 cm., or lower, a region of pressure is 
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Pig. 4—^Power-Pactor-Voltage Characteristics and the 
Variation of Power Factor During the Life Test of Set 61 

Impregnated at 40 cm. Hg. 


reached in which the normal variations in the structure 
of the sample become so important that they may over¬ 
shadow the effect of the reduction in air pressure. This 
is true despite the most extreme care in the manufac¬ 
ture and preparation to secure uniformity of the samples. 
One of the most important variations has been fohnd 
to be the tightness of the assembled structure. 

Variaiion of Power. Factor During Life Tests. As 
already stated, power-factor measurements were made 
on all spedmens before the start of the life tests. The 
power factor was also measured at 180 volts per mil at 
intervals during the life of the specimen. These ob¬ 
servations brought out several interesting results. The 
characteristics of samples impregnated with compound 
A will be discussed first. 

Fig. 4 shows the power-factor voltage curves for 
specimens of set No. 61, which were air dried to oxir 
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Standard diy condition and then evacuated and im¬ 
pregnated at 40 cm. Hg. The pressure on these speci¬ 
mens was never reduced below 40 cm. so that this set 
m Y be considered good from the standpoint of moisture 
^d poor from the point of entrapped air. The power- 
factor voltage curves are sharply rising as is characteris¬ 
tic of this type of specimen. The life test of 61-A has 
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Fig. 6—Powbr-Faotob-Voltagb Chabacteristics and the 
Variation of Power Factor During the Life Test of Set 62 

Impregnated 15 cm. Hg. 

the immediate effect of bringing the power-factor curve 
down to an approximately horizontal position after 20 
houra. During the test on the A specimen, the B, and C 
specimens are under compound at about 38 deg. cent., 
which seems to improve their power factor somewhat, 
although the c^es of power factor are still sharply 
ascending. This apparent improvement has been 
not^ before and shown to be only temporary (see 
earlier paper). However, under life test these curves 
flatten out as did the curve of specimen 61-A. While 
this indicates an improvement in the ionization factor 
of the insulation, there is evidently a corresponding 
deterioration as shown by the increase of power factor 
with time, also indicated in Pig. 4. 

Our pperiments show that this initial clean-up of the 
insulation becomes less noticeable as the amount of 
residual air in the insulation is decreased. This can 
readily be seen by referring to Fig. 5 for tot No. 62. 
Here, since the pressure of impregnation was relatively 
high, 16 cm., the power-factor voltage cimves are not as 
flat as those observed for OTm best specimens, but have 
a slightly rising characteristic. The power-factor time 
curves. Fig. 6, show no evidence of a decrease of power 
factor upon the application of voltage, but rather tend 
to an ever increasing power factor as the time of stress¬ 
ing lengthens. Furthermore, power-factor voltage mea¬ 
surements after 22 and 44 hours under stress show 
curves which lie successively higher. 

Specimens impregnated at low pressm-e and dried to 
om standard condition show the ts^pical flat power- 
factor voltage curves discussed in our earlier papers. 
In addition the power-factor time curves tq>en during 
the life of the insulation are of interest. Curves of 
this general type are shown in Pig. 6 for set No. 65. 
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^ a rule a slight rise in power factor is noted during 
the first two hours following the application of voltage 
after which the power factor remains constant at this 
increased value for the next 20 hours. At this point 
the voltage stress is, according to the standard pro¬ 
cedure A, steppto up to 500 volts per mil. This in¬ 
crease in stress is also accompanied by an increase in 
powOT factor, followed by another 20-hour period with¬ 
out further change. The voltage increase to 600 volts 
per mil, which then takes place, is accompanied by 
anotha- increase in power factor. The power factor 
then remain practically constant up to the breakdown. 
The large increase of power factor which would be ex¬ 
pected to precede the breakdown takes place relativdy 
rapidly, generally within four hours. This point is 
brought out in Fig. 6 for specimen 65-B. It is interest¬ 
ing to note that the power factor gives no indication of 
approaching breakdown except within this veiy short 
mterval before failure. This seems to be strictly a 
characteristic of good specimens, i. e., specimens im- 
pregmted at low pressure, while to the contrary, 
specimens impregnated at high pressure and known to 
contain air, show, as a rule, an ever increasing value of 
power factor from the start of the application of voltage 
to the point of breakdown. This rise follov^ the more 
rapid decr«ise in power factor which occurs, in these 
specimens, immediately upon the application of voltage, 
as noted above. 


8S0 


0.007 

0.006 

0005 

T 

o 

1 

i 

§ 

1 



















— 
















0.004 























0.009 
















~T] 

jjyXlB 
















j 


0.007 
















ZJ 


0006 







SB 











a005 

/: 

















aoo4 


















_ 










Z] 












0007 







SA 











0006 

pi 


u 















QDOS 


















0 I 


32 

48 64 

80 

96 

112 

128 


TIME IN HOURS 

Fig, 6—^Variation of Power Factor During the Life Test 
OF Set 65 

Imprognated at 3 mm. Hg., compound A 

In the studies made with the compound B the power- 
factor time curves have a somewhat different character. 
(Big .7.) Fewer power-factor measurements were made 
during the life tests of this group of samples so that 
only the general tendency of the powCT-factor timo 
curves is given. For this type of specimen we find also 
the initial rise of power factor foimd with the good 
samples of group A, but following this initial rise the 
power factor decreases steadily throughout the life of 
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the sample. The power factor doubtless rises Just before 
breakdown, but it happened that no measurements 
were made during the short period before failure so that 
no rises are shown at the ends of the power-factor time 
curves for this group of samples. 

Predetermination of Insulation Life. All through the 
life test work the data were carefully studied in an effort 



Fig. 7—^Vabiation of Power Factor During the Life Test 
OP Set 90 

Impregnated at 2 mm. Hg., compound B 

to find some “yardstick” by which the life might be 
measured. Attention has been called to the fact that 
in all the life tests in which the power-factor voltage 
curv^ showed a flat or fairly flat characteristic the 
application of voltage, for the first step of the life test, 
was accompanied by an inm-ease of power factor as was 
noticed in Fig. 6. This rise in power factor has been 



’Tig. 8—Relation Between Initial Powee-Factob Rise and 
THE Life of Impregnated Paper Insulation 
C ompound A, specimens tested in parallel 

c^efuUy computed, for all the samples impregnated 
wth compound A, and compared with the life of the 
insulation. 

The results of this comparison are shown in Figs. 8 
and 9. There is apparently a definite relation between 
this initial power-factor rise and the life of the insula¬ 
tion. Further study of the question is advisable. The 
relationship between power-factor rise and life might 


well be diflfa^nt for different kinds and types of insu¬ 
lation. It is quite possible, too, that under other con¬ 
ditions of test than those used here the effect might not 
be so evident. However, it appears to be sufficiently 
striking to warrant calling to the attention of the work- 
os in this field. A similar analysis was not possible for 
compound B, owing to the small number of measure¬ 
ments of power factor. 

Variations m Cable Paper 
During the coxuse of the work we have had occa¬ 
sion to handle three separate lots of manila paper. 
These three supplies we will call Nos. 1, 2, and 8. 
The ori^naJ supply was No. 1 and the two subsequent 
supplies Nos. 2 and 3, respectively. All three supplies 
were ordered under the same specifications. In the 
life test work reported in this paper only paper No. 3 
was used. Papers Nos. 1 and 2 were used in some 
preliminary work and several results of interest were 
obtained. 



Fig. 9—^Relation Between Initial Powee-Factob Rram and 
THE Lite of Impbeonated Papeb iNStrLATioN 

Compound specimens tested singly 

In the earlier paper* we have described in detail our 
methods of drying and the use of the d-c. conductivity 
as a criterion of dryness. The work described in these 
earlier reports was all carried out with paper No. 1. 
The dry condition was indicated by a galvanometer 
deflection of 3.00 cm., twenty minutes aftm* the applica¬ 
tion of 1,500 volts direct current, representingaresistivity 
of 6.02 X 10** ohms per cm.®. This dry condition was 
normally reached after diying for 72 hours at 105 deg. 
cent, in the open air or it was invariably obtained fol¬ 
lowing a 48-hour treatment at a pressure of 2 mm. Hg. 
and 105 deg. cent. 

An attempt to dry paper No. 2 to the foregoing stand¬ 
ard condition met with failure although paper No. 2 
was supposed to be the same as paper No. 1. In order 
to check the difference in these two papers two identical 
samples were made up, one with paper No. 1 (50E) and 
one with paper No. 2 (50D). These two specimens 
were placed side by side in the drying chamber and 
subjected to the same drying process. The results are 
given in Table II. 
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TABLE n 


Specimen 

Time In hours 
at 106 deg. cent. 

Galv. defl. cm. 20 mfa 
at 1.600 volts 

SOD 

Paper No. 2. 

24^. 

...48. 

42 6 


72. 

.30..6 

50E 

24. 

.10.1 

Paper No. 1. 

.48. 

8 0 


^ 72. 



This test showed conclusively that there was some 
inherent difference in the two papers. The mattra- was 
taken up with the manufacturer who informed us that 
the porosity of these two papers was somewhat different, 
No. 1 having a porosity corresponding to 322 seconds 
as compared to 100 seconds for paper No. 2. The 
manufacturer offered to supply another lot of paper 
having the same characteristics as No. 1. A group of 
i^edmens made up with this shipment of paper, No. 3, 
when dried, showed properties equivalent to paper 
No. 1. Table No. Ill shows the comparative drying 
data for the three papers. 

TABLE ni— DBYENG- DATA FOR THREE SHIPMENTS OP CABLE 

PAPER 


OoiLductivlty 

Paper Time to reach of cm. Kemarlog 


No. 1-In air 72 hr.3 cm.Standard conductivity 8 cm. 

Vacuum 24 hr,.3 cm.Drying temp. 106 deg. cent. 

No. 2.... In air 6 weeks.Oould not get down to 3 cm. 

24 hr. vacuum.16.3—20.0... Oould not got down to 3 cm. 

in 120 hr. 

48 " “ . 8.8—Jl.6 

72 « " .6.4— 8.5 

96 « « .4.8— 6.4 

120 « - . 4 . 6 — 6.9 

No. 3... .24 hr. vacuum. 1.26—^2.00. .Baulvalent to the original 

paper 

D^ection lower due to 
slightly thicker insulation 
__ wail 


A group of specimens, set 51, made up with paper 
No. 2, was vacuum dried and impregnated at 2-mm. 
pressure. The results obtained are shown in Figs. 10, 
11, and 12. Fig. 10 gives a comparison of the power- 
factor voltage curves of this set and those of set 4 which 
was made under similar conditions but naing paper 
No. 1. The differences are very stalking. The power 
factor of paper No. 2 rises with increasing voltage at all 
temperatures in contrast to the flat and decreasing 
power factor with increase of voltage observed for 
paper No. 1. The values of power factor are also 
higher, being almost four times as large at 60 deg. cent. 
Fig. 11 shows the correlation between power factor and 
absorption which we have discussed in our earlier papers 
and also brings out most markedly the difference in the 
two papers. Fig. 12 shows the charge and discharge 
curves for these two sets. Fig. 13 for set 56 made up 
with paper No. 3 shows that for this paper the power- 
factor voltage curves are in line with those of paper No. 


IMPREGNATED PAPER INSULATION 

1. The only difference noticed between pap^ Nos. 1 
and 3 was that paper No. 3 was about 0.0005-in. 
thicker than paper No. 1. 

Summarizing, paper No. 2 was much more difficult to 
dry than paper No. 1 and even after a prolonged period 



Fig. 10—Relation Between Power Factor and Voltage 
FOR Two Different Cable Papers 

Set 4—^paper No. 1 
Set 61—paper No. 2 

of treatment failed to reach a conductivity as low as the 
normal value for paper No. 1. Impr^ated insulation 
made up using paper No. 2 showed values of powCT 
factor higher than those found for paper No. 1 and the 



Fig. 11—^Relation Between Absorption and Temperature 
AND Power Factor and Temperature for Two Different 
Cable Papers 

Set 4—^paper No. 1 
Set 61—^paper No. 2 

increase of power factor with temperature was much 
more rapid. At 60 deg. cent., for example, numerical 
values four times as large as those for paper No. I'were 
encountered. At the higher temperatures impregnated 
insulation usin« uauer No. 1 always show^ power- 
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factor voltage curves decreasing with increasing volt¬ 
age, paper No. 2 shows rising power-factor voltage 
curves in the same high temperature region. We 
attribute the differences in the performance of papers 
1 and 2 to inherent differences in their composition. 

Vabutions in Compound 
Compound A was used over a period of eight months. 
During this time it was stored in the sealed five-gallon 


Fiq. 12— ^D-C. Chabge! and Dibohabgb Chabaotbbistios fob 
Two Diffbbbnt Cablb Fapebs 

Set 4—^paper No. 1 
Set 61—^paper No. 2 

tins in which it was received. After uang it for tests 
throughout a six-month period a marked decrease of life 
was observed in an attempt to check an earlier run. In¬ 
vestigation showed quite definitely that the compound 
had detmorated. Specimens manufactured under con- 
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Fig. 13—^RbIiAtion Bbtwbbn Poweb Faotob and Toltaob 
FOB Pafbb No. 3 

ditions which earlier gave lives of over2,000 hours would 
fail in less than half that time after the compound had 
been standing several montiis before using. Study of 
the data brought out the facts shown in Fig. 14. The 
d-c. conductivity and the increase in power factor from 
room temperature to 40 d%. cent, increased steadily 
with the age of the compoimd. We attribute this 
deterioration to the presence of air in the compound; 


although it was evident that a considerable degree of 
vacuum existed in the sealed container. 

Conference with the manufactura* resulted in a new 
shipment of compound which was put up in 50-gallon 
drums in an atmosphere of COs. This is the compound 
B. Arrangements wCTe made in the laboratory for 



Fig. 14—Cdbves Showing the Detbbiobation of Coufodnd 
WITH Age Bue to the Pbesence of Aib 

preventing the exposure of the compoimd to air. As 
compoimd was drawn from the drums CO 2 was ~ad- 
noitted. The compound was exploded under vacuum 
before impregnation, as has been desmbed, in oMer to 
remove the CO^ and subsequently the compound, as 
well as the impregnated insulation, was hdd in an 
atinosphere of nitrogen until actually placed in the high- 
voltage test box. Throughout the use of this com- 



Fig. 15—Relation Between Powbb Factob and Voltage 
fob Papeb Impbegnated with Two Diffebent Coupoxtnds 

Set 65—coxxipoimd A 
Set 81—compoimd B 

pound, covering a period of ten months, no evidence of 
deterioration was found. 

It has been shown already that this compound gave a 
much longer life to the impregnated paper than the origi¬ 
nal compound A. A comparison of the two from several 
other standpoints is of interest. Fig. 15 shows a com- 
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parison of the power-factor voltage charactaistics and 
Fig. 16 of the power-factor tempa'ature characteristics. 
It is agnificant that here the powCT-factor charac¬ 
teristics give absolutdy no clue to the life of the insula¬ 
tion, the insulation with the lower power factor having 
the shorter life. Figs. 6 and 7 show the variation of 
power factor during the life of the insulation. Although 
the power factor increases very slightly with the age of 
the insulation the increase does not become sharp except 
very near the time of breakdown. Hence neither the 
absolute value nor the shape of the power-factor voltage 
curve provide a certain indication of the condition or 
life of the insulation. 

Variations in Structure op the Insulation 

An examination of the results of the life tests, in the 
pressure range from 2 mm. to 2.5 cm., showed that small 
variations in matmal and assembly of the structure of the 
sample become quite important in this pressure region. 



Fig. 16—^Vaeiation op Power Factor with Temperature 
FOR Paper Impregnated with Two Different Compounds 

Set 65—compound A 

Set 81—compound B 

Several tests showed quite clearly the importance of the 
tightness of the structure. The usual dectrode of the 
samples consisted of a sheet of 1/64-in. sheet lead bound 
on by a layer oi linen thread. In every case the lead 
was carefully smoothed and formed to the insulation 
and the thread was wrapped on as nearly as possible at 
the same tension. With this construction the longest 
lived specimen, impregnated at 2 mm., gave a life of 
12,000 hours at 400 volts per mil. 

A sample was made up using, in place of the 1/64-in. 
lead, a sheet of lead foil 0.005-in. thick. This was 
boimd on in the same manner as the 1/64-ia. lead using 
the same thread tension. Due, however, to the thinness 
of the lead foil a much tighter construction resulted. 
The samples of this construction, impregnated not at 
2 mm. but at 2.5 <an., showed lives of over 20,000 hours 
at 400 volts per mil, without failure. One specimen 


tested continuously at 800 volts per mil ran 188 hours in 
actual time, the equivalent of 48,200 hours at 400 volts 
per mil, without failure. 
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Conclusions 

The results reported in this paper conclude a some¬ 
what extended investigation of the influence of small 
amoimts of moisture and air on the properties of im¬ 
pregnated paper. The general conclusions, as rdated 
to the main purpose of the work, may be briefly stated: 

The influence of residual moisture is universally bad 
and increasing amounts of such moisture are immedi¬ 
ately reflected in higher values of power factor and loss 
and in other evidence of instability. 

The chief importance of residual air is in its effect 
upon the life of the insulation. The smaller the amount 
of the residual air the longer the life. The accelerated 
life tests indicate, that so far as air content is con¬ 
cerned, under properly controlled conditions and with 
evacuation pressures well within reach in present day 
manufacturing methods, the life of impregnated paper 
may be extended to values far beyond those ordinarily 
supposed to pertain to the best present day cables. On 
the other hand, below a certain proportion of residual 
air, as represented say by complete impregnation at 1 cm. 
Hg. pressure, the further increase in life is not markedly 
great.. This is due to the fact that below this value the 
increase in life due to reduced air is offset by normal and 
heretofore uncontrolled variations in the uniformity 
and quality of oil and paper. Low pressures of evacu¬ 
ation, therefore, are more important for the further 
withdrawal of moisture than for the extension of ulti¬ 
mate life as dependent on air content. 

One of the most intoasting contusions is the evidence 
that flat power-factor voltage curves are obtained in 
insulation evacuated and impregnated at pressures up 
to 10 or 15 cm. Hg. The rising power-factor voltage 
cmve commonly attributed to internal ionization is 
found only in poorly impregnated samples. There is 
some evidence that this type of curve may be caused by 
oil of originally poor quality in the presence of some¬ 
what large quantities of air. 

During the course of the work the successive steps 
in the control of several unforeseen variables have 
brought out much interesting information on the 
original and final properties of both paper and oil, the 
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methods for their control, the stability of each, and 
other factors bearing on the properties of the com¬ 
pleted product. Some of these are reported in the 
present paper and for others the foregoing papers must 
be consulted. 

The conclusions of the present paper are briefly as 
follows: 

1. The life of impregnated paper insulation increases 
steadily with a decrease in the amount of residual air. 

2. For impregnating pressures above 2.5 cm. the 
life decreases rapidly with increadng pressure of im¬ 
pregnation. For pressures below 2.5 cm. the results 
show an increase of life of from 10 to 50 per cent between 
2.5 cm. and 2 mm. impregnating pressure. 

3. For impregnating pressures below 2.5 cm. normal 
variations in material and structure, particularly in the 
tightness of the structure, may offset the increased life 
due to decreasing the pressure of impregnation. 

4. Cable compound deteriorates if it contains only 
a small amount of air evea. though it is kept in sealed 
containers, at room temperature. Air should be en¬ 
tirely excluded to avoid deterioration. 

5. Flat power-factor voltage curves and the abso¬ 
lute value of power factor should not be accepted as 
indications of long life. 

6. The power-factor rise due to the initial applica¬ 


tion of voltage during a life test is indicated as a pos¬ 
sible criterion of insulation life. 

7. A vmy satisfactory type of sample and reenforced 
end for accelerated life tests have been developed. 

8. Narrow variations in the quality of both paper 
and oil may cause wide differences in the electrical 
characteristics and in the lives of the impregnated 
products. 
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Insulation Variability 

Its Influence in Determining Breakdown Voltages* 

BY M. C. HOLMESt 

Associate, A. I. E. E. 


Synopsis*—The purpose of the paper is to describe a method of 
analysis for taking into account the effect of insulation variability 
in the determination of breakdown voltages and allowable operating 
stresses. The method is applicable to systems containing large 
areas of insulation, or large numbers of units of insulation in 
parallel. 

General equations are derived, giving the breakdown voltage and 
number of failures to be expected, in terms of two parameters; the 
mean breakdown voltage and the variability of the insulation, both 
of which are determined from tests made on samples. It is shown 
how the results may be applied to the special case of electric power 
cables, for comparing the relative merits of different cables, and 


for determining the safety factor required to take account of the 
inherent variability and consequent unreliability of the insulation. 
The necessity of considering the variability as well as the so^ 
called strength of insulation is emphasized, and its importance 
brought out in terms of allowable operating stresses and failures, 
A graphical method of analysis is described, which makes use 
of probability paper, changing the probability scale from **per cenV* 
to ''failures per hundred miles per year"' in the case of cables. 
Predictions of theory are compared with the results of practise, 
using results from experiments made to determine the effect of elec¬ 
trode area on breakdown voltage. Good agreement is shown be¬ 
tween the two. 


iNTEODUCiTION 

I N 1927, in a paper by Messrs. Budi and Moon‘ the 
importance of the standard deviation as a measure 
of the inherent variability of insulating materials 
was pointed out. The standard deviation, sigma, is 
defined by the following equation: 


I ^(sr 

V n 


(a) 


where 2 (5)* is the sum of the squares of the deviations 
of individual breakdown voltages from their mean, and 
n is the number of breakdovm tests made. Sigma indi¬ 
cates the amoxmt of scattering of the individual break¬ 
down voltages and hence the variability of the material, 
test conditions being the same in each case. Small 
values indicate a uniform, homogeneous material; while 
large values indicate a non-uniform, variable material. 

Curves, based on many thousands of breakdown 
tests, were given showing the manner in which break¬ 
down voltages are distributed. It was shown that 
such voltages are distributed about the mean, E,, 
approximately in accordance with the normal error 
curve, 


y = 


1 

<r VS IT 
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1 
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(b) 


the distribution being completely specified by the two 
parameters cr and E,. 

These two conceptions,—standard deviation as a 
measure of insulation variability, and normality of 
breakdown voltage distributions,—^form the starting 

*Paper based on work done as a graduate student at the 
Massachusetts Institute of Technology. 

fAsst. Prof, of Physios, West Virginia University, Morgan¬ 
town, W. Va. 

1. For references see Bibliog^raphy. 

Presented at the Summer Convention of the A. I, E- E., AsheviUe, 
N. C., June SS-Se, 19SI. 


point and constitute the assumptions of the following 
theoretical development. 

Theoretical Considerations 

a. Coeffidenis of Variability and Uniformity ,— 
Definitions. In specifying the variability of a material 
by the use of sigma, the mean must also be known. 
If the standard deviation, sigma, alone is given, no 
idea of the variability is gained, because the actual 
magnitudes of both sigma and tiie mean breakdown 
voltage Ea depend upon test conditions such as rize 
and riiape of electrodes, thickness of insulation, tem¬ 
perature, rate of application of voltage, etc. It 
happens, however, that both sigma and E, vary in the 
same manner, since they both depend upon the same 
individual readings, so that their ratio remains the same. 
In other words, it is the ratio cr/E,, or sigma expressed 
in per cent of E,, which is a constant for a given material 
and which spedfies its variability. The ratio a/E,, 
therefore, will be used here to represent variability. 
It vrill be called the “coefficient of variability” and vrill 
be represented by the symbol S. Its reciprocal, 
designated by the symbol H, may be taken as a measure 
of the uniformity of the insulation and called the 
“coefficient of uniformity.” 

b. The General Equations. Making use of the fore¬ 
going conception of variability and the assumption of 
normality in the distribution of breakdown voltages 
the following two general equations have been derived 
(see Appendix I for their derivation). 


( 1 ) 


r 1 / 1 - Eo/Ea \ 1 

= -5-)J 

= )] (2) 


The first equation gives the number of failures, F, 
to expect in a system consisting of JV units of insulation 
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in parallel at an operaling voltage Et ,—^the units being 
removed from the system after failure. F is given 
in terms of the two paramet^ Ea and S, wMch 
taken together specify the quality of the insulation; Ea 
being the mean breakdown voltage of the units, and S 
the coefficient of variability. The second equation 
gives the breakdown voltage, Et>, to expect for a system 
of N units of insulation connected in parallel, in terms 
of the same two parameters Sa and 5. 

The symbol erf is an operator used to designate the 
Gausaan error function: thus, erf (Jc) is defined by the 
egression 

e 

The symbol erf-^ represents the inverse operation: 
thus, erf-^ (k) means the quantity whose error func¬ 
tion is k. These are weH-knoyna functions whose values 
have been computed and tabulated. They are analo¬ 
gous to the two symbols sin and sin~‘, and their values 
may be obtained from tables^ in a similar manner. They 
are not always designated by the symbols cr/. and 
er/"*, howevffl*, but often simply by tiie expression (3) 
or by an equivalent expression. 

In case error function tables are not available, equa¬ 
tion (1) may be put in the form of an infinite series. 
Letting (1 — Ea/Ea),/S = k, for small values of k, 
equation (1) takes the form 

~ 2.3.11^“ 2».6..j2 

1 

2». 7.13 ~ * * * * J 



function of electrode area. Milnor's equation for the 
effect of electrode area,* Eb = Ci— CalogA, is an 
approximation to the probability expression for the 
same thing, obtained by considering the elementary 
areas, making up the total area A, indefinitely small and 
passing to the limit. It is valid only in cases where Eh is 
negligibly small compared with the mean breakdown 
voltage of the elementary areas. The two constants 
Cl and Ci are evaluated in each case by fitting a curve 
to data obtained from tests made on different size elec¬ 
trodes. The advantage of equation (2) over Milnor’s 
equation is that it allows predictions to be made for any 
size electrode, from tests made on a single size, and in 
addition, takes into account the effect of insulatiofi 
variability. The variability determines how great will 
be the effect of area. With perfectly uniform insula¬ 
tion, for example, area would have no effect on break¬ 
down voltage. 

A useful relation may be obtained by solving equa¬ 
tion (1) for giving 

Ea = £7« [1 - Serf-^ (1/2 - F/N) ] (6) 

an expression which ^ves the allowable operating streps 
corresponding to F failures per N imits of insulation'. 
Now, if is taken as unity and N is taken as 10,000, 
for example, tibe operating stress corresponding to one 
failure per ten thousand units is given by the simple 
relation Ea .= Ea (1 — 3.72 S), showing clearly the im¬ 
portance of the part played by the insulation variability 
in detmnining the allowable opiating voltage for a 
given system. Similar expressions for different speci¬ 
fied conditions may be obtained from tiie general equa¬ 
tions, in like manner, by assigning particular values to 
tiie parameters., The extremely simple relation 


This series is convergent, and the error is less , than the 
last term retained.' 

For large values of k the above series converges too 
dowly. for practical use, in which case it can be put in 
tile following form: 

N e"^ 

F = —= —;— 

V2 TT ^ ' 

\l-k-^ + 1.81(r*^l.d.5k-« + . . .] (5) 

This is an “assrmtotic” or semi-convei^ent series, but 
the error, again, is less than the last term retained. 

c. Dismission. ' The two equations (1) and (2) are 
entirely general. They apply to all kinds of insulation, 
either in the form of continuous areas, as in cables, or 
in the form of discrete units, as in overhead transmis¬ 
sion lines. In the forma" case N represents length of 
cable, measured in terms of some standard test length; 
in the latter case, N represaats the number of tmits of 
insulation under voltage stress,—the number of strings 
of insulators along an overhead line, for example: 

In the case of thin sheets of insulation, N represents 
area, and equation (2) gives breakdown voltage as a 


Ea = Ea (1-4 S), (7) 

in the case of cables, gives the allowable operating 
voltage corresponding roughly to oiie failure per 
100 miles of cable pfer year, where Ea is the mean 
breakdown voltage of standard 10-ft. test lengths 
reduced to one year basis (See Appendix II). Such a 
relation may be used for comparing the merits of 
different cables or made the baisis of acceptance re¬ 
quirements and specifications. 

In order to avoid misconception as to the scope or 
applicability of the present paper it should be em¬ 
phasized that the foregoing theory takes account only 
bf causes inherent in the insulation itself. It takes 
no account of external causes kich as edge effect which 
might be encoimtered with different electrodes, nor of 
abnormal operating conditions such as surges and 
overloads which might be encountered in practise. 

■ Experimental Considerations 

a. Values of S Encountered in Practise. The 
following values of S have been calculated from the 
experiments of Hayden and Eddy* on the dielectric 
strength of oil. 
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Curve No. s 


I .Trausil oil, 1 cm. spheres, 2 mm. apart_ 10.7 per cent 

II .Trausil oil, 1 in. spheres, 27 mm. apart... *10.2 per cent 

III— Transil oil, needle and 1 in. sphere, 2 mm. 

apart. 9.86 per cent 

IV— Commercial benzol, 1 cm. spheres, 2 mm. 

apart. 6 4 per cent 

V .Pure benzol, 1 cm. spheres, 2 mm. apart.. 4.82 per cent 

VI -Air, 1 inch spheres, 1 cm. apart. 1.94 per cent 

Records of breakdown tests on other insulating 
materials, and on cable samples, are scattered through¬ 
out the literature. In general, breakdown tests made 
with air as a dielectric show the greatest uniformity 
and may be expected to result in values for S of 1 or 2 
per cent. Such determinations include errors of mea¬ 
surements, as well as those due to irregularities in 
electrode surfaces, changes in pressure, temperature, 
etc. For tests made on thin layers of paper, cambric, 
etc., one may expect values ranging from 6 to 12 per 
cent. For the present day “solid” tj^pe of paper- 
insulated cable, values ranging all the way from 6 to 
20 per cent may be obtained. A value as low as 6 per 
cent indicates a comparatively uniform insulation; 
while values as high as 20 i}er cent should be taken as 
an indication of poor, non-uniform insulation. Such 
conclusions also result from theoretical considerations 
based on the general equations, taking account only 
of the effect of variability: a value of 6 per cent indi- 



Pia, 1—CowopAHiBON OP Thbokt and Expdrimiint (pbom 
THB BBSin.TS OP Moon’s Expnbihiintb on ted Eppeot op 
E 1 .BCTBODE Abba) 


Tests mAde on 0.68 mil paper. Ulectrode No. 1. Bun No. 91. 
S > 8.25 per cent 


cates an allowable operating stre^ of approximately 
76 per cent of the average breakdown stress F«, whereas, 
for the same conditions (one failure per 100 miles of. 
cable), a value of 20 per cent gives an allowable operat¬ 
ing stress of only 17 per cent. 

b. Predictions of Theory Compart toith Results of 
Experimeni. Figs. 1 and 2 show curves comparing the 
predictions of theory with the results of experiment. 
Data for the first curve were obtained from Moon's 
experiments on the effect of electrode area.' The 
second curve is from Emerson and Webber’s experi¬ 


ments.*’ They are both typical. The curves show 
the predictions of theory; the points show the results 
of experiments. The cuiw^e of Fig. 1 was calculated 
from the results of 917 breakdown t^ts represented 
in the initial point at imit area. In Fig. 2 each point 
represents the average of only 10 tests. For this 
reason the points are much more irregular. The 
theoretical curve fits the points as well as can be 
expected. 

Summary 

1. A general analytic method for the determination 
of failures, breakdown voltages, and operating stresses. 



Pig. 2 —Oompabison op Theory and Expbbimbnt on the 
Efpeot op EiiECtbode Abea. (From Kmebson and Webbeb’b 
Experiments) 

Tests made on 5 mil Tarnished cambric, using flat circular electrodes 
immersed in oil. Voltage raised 900 volts per second to failure. Average 
value of S « 6.9 per cent. 


teking account of the mean strength, variability and 
area of insulation, has been developed. 

2. A good agreement is shown between the pre¬ 
dictions of theory and the results of experiment. 

3. The two factors, mean strength and vaiiability, 
are equally important in the determination of allow¬ 
able operating stresses and should always be con¬ 
sidered in conjunction. 

4. In the Appendix the conditions for accuracy 
and reliability have been investigated. It is shown 
that the accuracy depends upon the variahility of the 
insulation itself as well as upon the number of speci¬ 
mens tested, decreasing rapidly with increase in vari¬ 
ability. Ordinarily, fairly accurate determinations 
can be made from samples as small as twenty. Sa-TTiplos 
as small as ten may be used for obtaining indications 
of quality, but judgments based on fewer than ten 
tests would be of questionable validity. 

5. A graphical method of analysis, making use of 
probability paper, is described in the Appendix. It 
furnishes a test for the normality of distributions and 
shows how non-normal distributions may be analyzed. 
A method for dealing with cable problems, where tiie 
additional factor of deterioration with time is im¬ 
portant, is also outlined. 
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Appendix I 

De»ivation op General Equations 

a. Number of Failures. Consider a sample of n units 
of insulation, all of the same size, selected at random 
from a large lot and subjected to breakdown tests,— 
all tests being made xmder the same conditions. (The 
word “sample’* is used here in the collective sense, 
meaning the fflitire collection of n units or specimens.) 
Let: 

n = number of units, or specimens, in the sample. 

N — total number of units in the entire lot or system 
from which the sample has been selected. 

E = voltage. 

El, Ei,. ... En = breakdown voltages of individual 
units. 

Ee = average breakdown voltage of the « units. 

<r » standard deviation calculated from test results. 

Considering the distribution curve of breakdown 
voltages, the area undw such a curve between any two 
valu^ of voltage, such as A and B, represents the frac¬ 
tion of tile n units failing between those two values, 
and is given by the expression 


/ab 

n 


1 

<T \/2 X 


S 


1 

2 d 

e . dE 


( 8 ) 


where /ab is the actual number of failmes occurring 
between A and B. The total area imder the curve, 
therefore, equals unity, and the two areas on dther tide 
of Ea eajSx equals 3^. The expression for the fractional 
number of failures between E = 0 ^d any voltage E, 
then, is given by the ^restion 


k 


n 



1 

<r ^2 X 




1 (E-E^t 

2 d 

e . dE 


( 9 ) 


where/* repres«its the actual number of failures corre- 
spondiag to tiie voltage E. For tiie entire S 3 ^tem of N 
units, and an operating voltage E„ tins will correspond 
to a number of failures given by the expression 


1 (-S “ 

This expression may be written in a much simpler 
form by introducing a new variable k = (Ea — Ee)/(<r) 
= (1 — Eo/Ea)/(S), multiplying by d E/d k = — a, 
to take account of the change of variable, interchanging 
the limits of integration and changing the sign at the 
same time, giving 



and finally, in still more compact form, 

F = Af[^-cr/(fc)] (12) 

..r 1 ./ I-Eo/Ea \-\ 

= N[^-er/(-5 jj (13) 

b. Breakdown VoUage. From tiie distribution curve 
of breakdown voltages it is evident that at a voltage 
corresponding to the mean, Ea, approximately one-half 
the total number of units considered will have failed. 
If the size of unit is taken as N, and F in equation (12) 
is taken as 1/2, the value of voltage, E„ implicit in tiie 
expression will represent the mean breakdown voltage 
of ssrstems consisting of N of these units. Doing this, 
there results 

1/2 = iS^[(l/2)-er/(A:)] (14) 

Transposing, 

erf (k) = (1/2)- (1)/(2N) (15) 

From which, 

i = er/-i(-|--(16) 

Putting for k its value (1 — Eo/Ea)/(S), and replacing 
Eo by the symbol Eb, now, to denote mean breakdown 
voltage of s 3 rstems conteining N units of insulation, 
there results the equation 

(1 - Eb/Ea)/(S) ^ ) (17) 

Whence, solving for Eb, 

B.-B.[l-S«r^>(-|--^)] ( 18 ) 

Appendix II 

Application to Electric Power Cables 

It is in the field of electric power cables, where huge 
areas of insulation are exposed continually for years at 
a time to hi^-voltage stresses, that the question of 
variability is of the greatest importance. Probably 
it is in this field that the theory may be most advan¬ 
tageously applied. 

In appl 3 dng tiie theory to cables an additional factor 
must be taken into account; namely, the influence of 
time. E?padments on the deterioration of oil-impreg¬ 
nated cable insulation under voltage stress have shown 
that the life varies approximately inversely as the 
seventh power of tiie voltage stress^ for three-conductor 
cable. It has been suggested, in the N. E. L. A. report 
for 1926-27, that all breakdown tests on cable be referred 
to the same time basis by means of the so-called inverse 
seventh power relation. Unfortunately the relation 
has been verified only for times up to about 1,000 hours. 
The decrease in breakdown voltage fium 1,000 hours to 
one year, indicated by the inverse seventh power 
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relation, is only 25 per cent (i. e.from 100 to 75 per cent). 
Probably no great error will result, therefore, from 
assuming it to hold for times up to one year,—at least 
that is the only way available at present for estimating 
the effect of time. In the case of cables, then, the 
breakdown voltages are assumed to be referred to some 
common time basis before calculating the effect of 
length and variability. This relation may be written, 
E = El where E is the breakdown voltage for the 
time considered, Ei is the breakdown voltage for unit 
time, and t is the number of units of time to which Ei 
is to be referred. 

lUustrcaive Problem. Suppose a number of long-time 
breakdown tests to have been made on standard 10-ft. 
samples of cable and referred to some common time 
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3—^Alinbmbnt Chart for Electric Cable Calcula¬ 
tions. (Based on 10-Ft. Test Samples) 


Giving: (a) Breakdown voltage as a function of length and variability 
(b) Failures in terms of operating voltage and variability 
Voltage scale represents: (a) Operating voltage when used with F scale 
(6) Breakdown voltage when used with L scale 


batis, say 100 hours, and that the results indicate a 
mean breakdown voltage Ea of 220 volts per mil and a 
variability S of 12 per cent. Let it be required to 
determine the allowable operating stress for such 
cable, assuming one failure per 100 miles of cable 
per year. 

The reduction in stress, for taking account of insu¬ 
lation variability, is made using equation (7) as follows: 
E, = Ei, (1- 4 S) = 220 (1- 4 X 0.12) 

= 114.4 volts per mil 
A further reduction, for taking accoxmt of time, may 
be made, reducing the 114.4 volts -per mil from a 100- 


hom* basis to a 1-year basis. If this is done by means 
of the inverse seventh power relation the final value 
of £?« becomes, 

E, = 114.4 = 114.4 X (87.6)“^'^ = 60.4 volts per mil 

The final value of Eo thus found considers only the 
effects of insulation variability and time. It is there¬ 
fore the upper limit. If it is exceeded, more than the 
allowed one failure per 100 miles of cable may be ex¬ 
pected. It should be noted that the inverse seventh 
power law is used here merely for an illustration, sug¬ 
gesting how the time factor may be taken care of. 
If a sixth power or some other law should be established 
at some future time it can be used in place of the one 
used here. It is the purpose of this paper merely to 
show the dependence of the operating stress upon insu¬ 
lation variability. Tbe foregoing should not be taken 
as an argument rither for or against the seventh power 
relation. As an example of the magnitude of tbe differ¬ 
ence involved it may be of interest to note that if an 
inverse sixtii power law is used in place of the seventh, 
the final value of E„ becomes 54.4 volts per mil instead 
of 60.4 volts per mil. 

Computations. An alinement chart for convenience 
in calculating cable problans is given in Mg. 3. The 
chart is for standard 10-ft. samples but may be used for 
other lengths by applying the proper correction factors. 
For example, if test samples of x ft. instead of 10 ft. 
are used, the munber of failures, F, obtained from the 
chart must be multiplied by the ratio 10/». 

The use of the alinement chart may be illustrated by 
tile following example. Suppose it is desired to find 
the per cent decrease in operating voltage to allow for a 
five-mile length of cable whose insulation has a coeffi¬ 
cient of variability, S, of 14 per cent. A straight edge 
is laid on the chart so that it intersects the S scale at 
14 and the L scale at 5. The intersection on the voltage 
scale then gives 50, indicating a necessary reduction in 
operating voltage of 50 per cent. 

Appendix III 

A Graphical Method op Analysis 

Probability paper furnishes what is undoubtedly the 
simplest and most powerful method of anal 3 rzing a given 
set of test data. It was developed in 1914 by Mr. Allen 
Hazen« while studying variations in annual run-off of 
streams, for the purpose of predetermining the rises 
of impounding reservoirs required in municipal water 
supplies. The nilings on one of the coordinates are 
spaced in accordance with the normal law of error, so 
that data which follow the normal law will form a 
straight line when plotted cumulatively on such paper. 

In order to illustrate its use a specific example will be 
considered. Fig. 4 shows a h 3 rpothetical set of data, 
representing the results of 50 breakdown tests, plotted 
on such paper. The voltage gradients at breakdown 
are assumed to have been cjalculated and tabulated in 
order of magnitude, and the results plotted 
cumulatively in the same order. Abscissas represent 
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breakdown stress, while ordinates represent failures in 
per cent of the total number of spedmens tested. 
With 60 as tihe total, the first one will represent 2 per 
cent, the second 4 per cent, etc. Any point, however, is 
indeterminate betweeu 2 per cent limits. It is cus¬ 
tomary, therefore, to plot eadi point in the middle of 
its range of indeterminancy. Thus, the first one, which 
failed at a stress of 46 volts per mil, is plotted on the 
1 per cent line, the second one on the 8 per cent line, etc. 

The abscissa, at the point where the curve cuts the 
60 per cent line, represents the mean, or median, break¬ 
down stress Ea of tihe samples. The slope is a measure 
of the coefficient of variability, S, of the insulation. A 
perfectly uniform material would plot as a vertical line. 



Fia. 4 —Htfothxticaii Set oe Bbbakoown Tests Plotted on 
Peobabilitt Papbe 

An auxiliary scale, making use of the fact tihat the 
most probable number of events is equal to the prob¬ 
ability of a angle event multiplied by the total number 
of possible events or trials made, may be.constructed. 
For example, if in the present problem each cable 
^ecimen had been 10.6 ft. long, 100 miles of cable 
would correspond approximately to 60,000 such units 
and the 10 per cent line would represent 60,000 X 0.10 
= 6,000 failures per 100 miles of cable, 1 per cent would 
corre^nd to 600 failures, etc. Such a scale is shown 
at the left margin of Fig. 4. 

Some of the essential points of the theory are brought 
out when the data are plotted thus on probability paper. 
For example, if the curve is extaided downward to the 
working range, around 6 failures at 85 volts per mil, 
it is evident that the process is one of extrapolation, as 


are all sampling processes. It shows the necesaty for 
considaing both fdie mean breakdown voltage and the 
variability. Also, it will be noted that the upper points 
do not fall on the same straight line formed by the lower 
set of points. This means that only the lower half of 
the distribution follo^ra the normal law and shows how 
data may be analyzed even though they do not follow 
the normal law as a whole, as was assumed in the 



Fia. 6—^Probable Error in the Determination of 5 as a 
Function op the Number op Specimens Tested 



Fig. 6—^Error in Determination of Allowable Operating 
Stress as a Function of S 

(For samples consisting of twenty test specimens) 

derivation of the equations. It also shows the relative 
unimportance of samples represmiting hi^ dielectric 
strength. 

Appendix IV 
Accuracy and Reliability 
In statistical work, it is customary to employ a 
quantity known as the probable error to indicate the 
accuracy of a determination made from a series of oh- 
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servations. The probable error is defined as the devia¬ 
tion, on either side of the mean, such that half of the 
observations are included within such a range. Thus, 
X = 12.73 dr 0.27 means that the quantity x has been 
determined by statistical processes, such as averaging, 
to be 12.73 with a probable error of 0.27; or, it is an 
even bet that the true value of x lies between 12.46 and 
13.00, and that the odds are three to one that x is not 
greater than 13.00. 

Error theory considerations give the probable error 
in determinmg the mean, by sampling processes, as 
0.6746 <r/ V n, where a* is the standard deviation of the 
lot from which the sample is drawn, and n is the number 
of specimens in the sample. The probable error in &e 
determination of the standard deviation is0.6745 <r / V^. 

Based upon these relations the curves of Fig. 5 and 
Fig. 6 have been drawn. Fig. 5 shows the probable 
error in the determination of 5 as a function of n, the 
niunber of specimens tested. Based upon the curve of 
Pig. 5 the accuracy in determining allowable operating 
stresses, for samples consisting of 20 test specimens, 
has been calculated. Standard 10-ft. specimens and an 
operatiiig stress based upon one failure per 100 miles of 
cable are assumed. The results are shown by the curve 
of Pig. 6. 

From the results it is seen that the accuracy obtain¬ 
able depends upon the quality of the insulation as well 
as upon the number of specimens tested, the error in¬ 
creasing rapidly for variabilities greater than 14 or 15 
per cent. Thus, for a given required accuracy, it is 
more expensive to test poor cable than to test good 
cable. 

List of Symbols 

F = number of failures. 

erf - an operator used to denote the gaussian error 
function. 

e = an inverse operator, analogous to sin-^ 

Eo - operating voltage. 

Eh = breakdown voltage. 

Ea - mean breakdown voltage of test specimens. 

S = coefficient of variability = standard deviation 
expressed as a decimal fraction of Ea> 

H == coefficient of uniformity = 1/5. 
k = (Ea-Eo)/(T = (1- Eo/Ea)/{S). 
n - number of test specimens in sample. 

N = general symbol used to represent number of 
units of inflation, the unit being the size 
of test specimen, - area in the case of 
sheet insulation, length in the case of 
cables, and number of insulators in the 
case of overhead lines. 
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Discussion 

ECONOMICS OF HIGH-VOLTAGE CABLE 

(Roper) 

CHARACTERISTICS OF OIL-FILLED CABLE 

(Shanklin and Buller) 

OIL-FILLED CABLE AND ACCESSORIES 

(Atkinson and Simmons) 

RESIDUAL AIR AND MOISTURE IN IMPREGNATED 
PAPER INSULATION—III 

(Whitehead and Hamburger, Jr.) 

INSULATION VARIABILITY 

(Holmes) 

G. B« Shanklins Mr. Holmes* work is of the highest order, 
theoretically. There are many different factors that might 
and do cause cable failures in service. Mr. Holmes’ theory 
would be applicable only in the case of inherent insulation 
failures uniformly produced by overstressing the dielectric under 
the particular conditions assumed. Few if any failures in modem 
cable are due to this cause. 

The paper by Dr. WTiitehead and Mr. Hamburger is a very 
valuable contribution to our knowledge of the effects of gas and 
moisture, as weU as other impurities, when allowed to exist in 
high-tension cable. I do not think we need any additional 
evidence to prove the desirability of eliminating all traces of 
gas and other impurities, both free and in solution, and pre* 
venting their after occurrence in service. The results presented 
in this paper, as well as other experiences, are too convincing. 
The whole principle of the oil-filled cable is based on this. 

This paper does not, however, show us how to eliminate impuri¬ 
ties. High vacuum during the drying operations is oertainly 
not the entire answer, as far as initial factory impurities are 
concerned. Nor do I believe that results obtained in a uni¬ 
versity laboratory can be used reliably as a practical guide for 
factory production methods. In removing impurities horn 
cable, each manufacturer has his own distinct problems, depend¬ 
ing upon the kind of materials and production equipment used, 
It would be . impossible to have a standardized process equally 
and safely applicable to all manufacturing plants. Cable 
quality should be judged by the principles followed and results 
obtained. Any other criterion would be decidedly dangerous. 

The paper by Messrs. Atkinson and Simmons is in good 
agreement with our own in the conclusion that oil-filled cable 
is the right answer for high-voltage service. My comments are 
confined to the condenser principle so cleverly introduced in 
their joint and terminal designs. There are undoubted possi¬ 
bilities in the use of this condenser principle. This idea is nof 
employed in our present desi^s of stop joints, normal joints and 
terminals, and the reliability ol these is well proven by several 
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years of successful service. To meet this competition the con¬ 
denser designs must prove equally good, or better, electrically 
and mechanically, and of equal or lower cost. Compactness is 
also a factor to he considered. In my opinion, the condenser 
principle is more applicable to stop joints than to normal joints 
and terminals. In the interests of progress the comparative 
advantages and disadvantages of these designs should be care¬ 
fully weighed. Additional experience will indicate the right 
trend. 

We have carefully checked the economic data given by Mr, 
Roper and have few suggestions or criticisms that would add 
to their value. 

As Mr. Roper ably points out, an economic comparison of 
ordinary “solid” cable and oil-filled cable reaches its highest 
point of interest at a voltage rating of 66,000. This might be 
summed up briefly by saying that oil-filled cable is more eco¬ 
nomical than solid cable above 66-kv. rating. Also, 66-kv., 
three-conductor, oil-filled cable is more economical than single- 
conductor, solid cable up to 50,000-kva. per circuit. With the 
exception of 45-kv., three-conductor, oil-fiEed cable, solid cable 
is the more economical below the limits outlined above. The 
economic dividing line at the present time, that is of real interest, 
has to do with 66-kv., single-conductor cable of 50,000-kva. per 
circuit and higher. 

The comparison in Mr. Roper’s paper would indicate that 
within this range single-conductor, solid cable is slightly more 
economical than oil-filled cable, although he points out that only 
a small reduction in cost of oil-filled would place the two on an 
equitable basis. Even since Mr. Roper prepared the data for 
his paper there have been reductions in cost of 66-kv. oil-flUed 
lines. This has been accomplished as follows: 

(a) Reduction in insulation thickness from 0.40 and 0.42 
inches to 0.35 and 0.375 inches. This has reduced the com¬ 
parative cost of cable from 2 to 5 per cent. 

(b) A reduction of approximately 26 per cent in cost of oil 
reservoirs due to simplifications in production. 

(c) Increase in guaranteed maximum copper temperature 
from 70 to 76 deg. cent. 

A comparative cost tabulation is given below in which these 
reductions are included. All other items are as presented by 
Mr. Roper. His cost of 66-kv., single-conductor cable is used 
as a standard of reference and the cost of oil-filled is expressed as a 
percentage of this. 


ECONOMIC COMPARISON OP SINGLE-CONDUCTOR, 66-KV., 
SOLID AND OIL-PILLED CABLE LINES: 

RELATIVE INVESTMENT COST—NO TERMINAL 


Kva. 

rating 

SoUd 

60* 0. copper 
16® 0. earth 
D. W. Roper 

Oil-mied 
70® 0. copper 
16® O. earth 
D. W. Roper 

Oil-niled 

70® 0. copper 
16® O, earth 
revised 

OU-flUed 

76® 0. copper 
16® 0. earth 
revised 

50,000.. 

.100%.... 

...115.6%... 

...113.6%... 

.. .113.0% 

76,000.. 


...106.0%... 

...105.6%... 

...102.0% 

100,000.. 

.100%.... 

...103.6%... 

...100.0%... 

.., 96.4% 

125,000.. 

.100%.... 

...106.0%... 

...100.0%... 

... 96.0% 


Because of higher copper loss the annual cost is more favorable 
to solid cable, but I think this tabulation shows clearly that 
progress is being made and that eventually the cost of 66-kv. 
oil-filled cable will in all cases be less than solid. At the present 
time it is less only for loads below 50,000 kva. and above 100,000 
kva. 

Mr. Roper, as everyone knows, is a strong advocate of reduction 
in insulation thickness as a means of further cost reduction. It 
is an obvious duty of the manufacturers to cooperate as far 
as judgment dictates. There has been material reduction in 
insulation thickness of solid cable in recent years and as already 
pointed out there has been a corresponding reduction in oil-filled 


cable. In my opinion it would be a mistake to move too rapidly 
in this direction. 

When all possible angles of the situation are considered, it is 
an open question whether the additional cost reduction that might 
be accomplished in this way is sufficiently noticeable to compen¬ 
sate for the undoubted sacrifices involved. Reduction in cost 
of accessories, methods of installation, conduit structure, etc., 
have greater possibilities. 

As an example, assume that the cost of solid cable is reduced 
6 per cent by a corresponding reduction in insulation thickness. 
This means only a saving of about 2.5 to 3 per cent in over-all 
cost, but it means a far greater reduction in factor of safety. 
No one would hesitate to pay this much for an insurance policy 
covering a lesser risk. What I wish to bring out is that a reason¬ 
able margin in the way of insulation thickness is a very cheap 
form of insurance. 

It must be considered also that operating requirements are, 
today, very exacting. More than two or three failures per 100 
miles of cable per year is considered a rather poor record and the 
manufacturer’s reputation suffers accordingly. This obviously 
demands a greater factor of safety than an acceptance of, say, 
25 failures per 100 miles per year. 

F. A. Brownells It seems highly improbable that a mathe¬ 
matical solution such as given in Mr. Holmes* paper could be 
applied to determine the number of failures of a material as 
temperamental as a power cable. But with more uniform 
manufacture of cable it seems plausible that the law of proba¬ 
bility might be applied where data were based on a relatively 
large number of test specimens. 

We have some very good data on the behavior of cables both 
under test conditions and in service. The results of the tests 
of 28 fifteen-foot specimens of cable made by three different 
manufacturers were used to determine the variability factor and 
the equivalent volts per mil per year. The variability factor 
was found to be 4.7 per cent and by using the inverse 6th power 
law the equivalent volts per mil per hour were 353 or 78 volts 
per mil per year. This value is somewhat low as compared 
with the results obtained at other laboratories. 

The value of F the number of failures per 100 miles per year 
was 0. In 1930 the Public Service Electric & Gas Co. of New 
Jersey had 99.72 mile years of this type of cable in operation 
with no inherent cable failures. 

Using the graphic method on page 1445 with S — 4.7 per cent and 
one failure per 100 miles of cable we find an allowable operating 
voltage of 80 per cent of Ba or 62.6 volts per mil per year or 37 
kv., three-phase. This seems reasonable and in line with Mr. 
Roper’s recommendation of operating our cables at a higher 
stress than at present. 

The cable operates at 44 volts per mil a value which is 56 per 
cent of Ba the mean breakdown voltage. Assuming one failure 
per 100 miles of cable, a line through these two points gives a 
coefficient of variability 5 «= 11 per cent which would allow a 
considerable variation horn the mean in our test results. 

W* B. Kouwenhovenx Mr. Roper’s paper presents a very 
valuable contribution to the cable art. In Fig. 31 of his paper 
he shows that there is an improvement in power factor with time. 
These curves are very interesting and are accompanied by a fall 
in the ionization factor as shown in Fig. 32. 

At the School of Engineering at Johns Hopkins University we 
are conducting an experimental investigation on cable character* 
istics, supported by the Utilities Research Commission of 
Chicago. In this investigation we are determining the electrical 
characteristics of the oil alone, the paper alone, and then the 
characteristics of the impregnated paper. In addition to the 
arC. measurements we are also taking oscillograms of the charge 
and discharge curves under d-c. potentials. 

In a number of specimens we have noticed an improvement in 
power factor following impregnation. This improvement has 
continued over a considerable time before the power factor 
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reached a constant result. An analysis of the charge and dis¬ 
charge curves taken under d-c. potentials shows that this reduc¬ 
tion in power factor and the corresponding reduction in loss is 
accounted for by a lowering of the initial conductivity of the 
impregnated material. This reduction in conductivity may be 
due to the adsorption of ions by the paper or to some other 
reason not understood. We are continuing our investigation. 

K. W. Miller and F. O. Wollaston: Messrs. Shanklin 
and Buller’s solution of the oil flow and temperature transient 
problem by means of the Heaviside operator is ingenious. How¬ 
ever, it would be unfortunate if the impression was left that for 
complete solution this type of analysis is necessary. The same 
solution can be obtained by well-known methods of elementary 
differential equations, which we prefer for two reasons: 

(a) The mathematical processes are more familiar to most 
engineers and at every step the physical interpretation of the 
equations is evident. 

(b) The solution in this case can be made more compact in 
form without omitting essential steps and without loss of com¬ 
plete generality. 

Equation (1) given by Shanklin and Duller is somewhat 
inaccurate, since the dielectric loss is considered to occur at the 
conductor (see equation (2)), instead of being distributed through¬ 
out the insulation. Miller’s solution of this problem includes the 
correct distribution of the dielectric loss, which introduces an 
additional logarithmic term in X. For high-voltage cables, 
especially 132 or 220 kv., incorrect use of the dielectric loss term 
produces considerable error in the oil demand curves. To cor¬ 
rect this would unduly complicate Shanklin and BuUer’s equation 
(2), which they obtain by methods of Heaviside. 

When the Heaviside method is used for finding the constants 
of integration A«, equation (1) will fit the boundary conditions 
perfectly when, and only when, all values of n between one and 
infinity are employed. This is quite impractical to do, and 
usually only about three values of A„ would be calculated. This 
being so, it is obvious that the boundary conditions would no 
longer be perfectly satisfied, although the approximation may 
be very good. Since for practical reasons only about three 
values of An would be used, we found it more convenient, and 
more accurate, to set up three simultaneous equations in 
and force them to fit the boundary conditions at known selected 
points of chief importance. Incidentally, this method avoids all 
difficulties in properly providing, for the correct distribution of 
dielectric loss. 

The solution of practical problems has convinced us that 
obtaining the roots of equation (4), which also appears in our form 
of solution, is a long and laborious task. We have, therefore, 
made some mathematical transformations, which allowed us to 
prepare convenient charts from which the roots (Kn) can be 
obtained in a few minutes. 

After obtaining the roots, one proceeds to compute coefficients 
Aft. Using Shanklin and Buller’s method, equation (2) would 
have to be evaluated three times. Using our method of three 
simultaneous linear equations, we found the process relatively 
simple. We have prepared charts from which all the numerical 
values necessary are obtained directly, and only a few minutes 
of elementary algebra .are required to get the values of An. 

We find that the superposition principle is valid throughout. 
Shanklin and Duller have pointed out that the total oil demand 
is the sum of the conductor, sheath and insulation demands, 
which are computed separately. We would like to point out 
that one can compute the effect on temperature or oil demand for 
a unit amount of copper loss, dielectric loss, or sheath loss sep¬ 
arately. Then for ten times as much copper loss, the correspond¬ 
ing part of the answer would be multiplied by ten, and likewise 
for dielectric and sheath losses. To get the total effect of any 
combination of losses, one adds the efiects of each one acting 
separately. Once the computations are made on that basis, the 
results for any specific set of conditions, such as dropping load 


with or without removal of voltage, effect of sheath losses etc. 
are very easily obtained without repeating the labor of solving 
all the equations. 

It might be remarked that the computations for oil demands 
using Shanklin and Buller’s equation (6) generally would be long 
and tedious. In our form of solution it turns out that the terms 
which at this point require the most labor to compute also appear 
in the simultaneous equations for An. When we prepared our 
charts to eliminate the labor from solving the simultaneous 
equations, we also got rid of the difficulties in solving both for 
oil demands and cable temperatures. 

The paper provides only for load which changes instantane¬ 
ously and thereafter remains constant at the new value. We 
have generalized the solution to take care of loads varying in any 
manner whatever. Church^ obtained a solution for the general¬ 
ized case, but the resulting expressions were only approximate, 
and difficult to evaluate numerically. The additional terms 
contained in our general solution fortunately are very simple 
functions of the load curve, and are easily handled. 

With the labor saving charts we have prepared, no knowledge 
whatever of the properties of Bessel functions is required of the 
computer, and not even a table of their numerical values. Using 
our methods and aids, the saving in labor of computation is 
tremendous. At a conservative estimate, it would require at 
least a week for the uninitiated to compute and verify a complete 
solution for one cable, using Shanklin and BuUer’s equations. 
With our simplified process and graphical helps, this can be 
reduced to a few hours without any sacrifice in accuracy, a con¬ 
siderable gain in flexibility, and greatly reduced hazard of error. 

The results, referred to above, of our development of this 
problem since Miller solved it in 1927, will be made available to 
those interested. 

Wm. A. Del Mar: This paper, like several others by Mr. 
Hoper, is both a milestone and a direction sign. 

As a milestone it gives the present commercial status of various 
types of cable. Perhaps the most important point brought out 
in this part of the paper is that, for Chicago conditions, 66 kv. 
single-conductor oil-filled cables can now compete with cables of 
the ordinary type for wipter ratings between 40,000 and about 
116,000 kva. It should not be foi^otten, however, that this 
concliision applies only to the flat topography of Chicago. 
Corresponding estimates for more hilly localities would raise the 
limits of voltage and power up to which cable of the ordinary 
type would be economical. 

Mr. Roper’s direction sign points to simplification of the oil- 
filled cable. Two other papers on this subiect in this group bear 
this out. My own work, along rather different lines, also points 
in the same direction. An essential feature of any scheme of 
simplification is, I believe, the use of shipping reel reservoirs for 
cables impregnated at the factory with liquid oil. This idea, 
however, was developed many years ago and subsequently 
patented, in connection with the high-tension cable system of 
the company with which I aim connected. 

Another of Mr. Roper’s direction signs is toward an elastic 
sheath to compensate for expansion and contraction. This 
presumably involves the development of a mateiid or structure 
which, in addition to having the general characteristics reqiiired 
for a sheath, is elastic circumferentially and plastic longitudi¬ 
nally. Such a sheath is not yet in sight. 

Mr. Roper’s plea for thinner insulation on cables of ordinary 
type is based on the fact that the commercial run of such cables 
is considerably below both laboratory made samples and some 
factory made lengths of outstanding merit. With careful super¬ 
vision, he assumes, the general run might be made of this rapenor 
quality. This may and probably will be accomplished m 
but I believe that, at the present time, the thicknesses wmch the 
American manufacturers approve, are the least safe thicknesses 

1. Temperatures in Electric Power Cables under Loading, 

by Elwood A. Ohurch, Tbans., A, I. B. B.. Sept- 1S81, P* 982. 
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for general American conditions. It is pleasing, however, to know 
that Mr. Roper is prodding the manufacturers in this matter, 
because it gives an added zest to our development work, and 
will help in approaching the ideal cable which is always a thing 
of the future. 

The oil-filled cable has two distinguishing characteristics, of 
which only one is usually stressed, namely, its “breathing'* 
under varying load. The other property is, in my opinion, of 
even greater importance, namely, its high dielectric strength 
over long periods of time, or, in other words, its comparatively 
flat voltage-time curve combined with a short period dielectric 
strength at least as high as that of a cable of ordinary type. 
This, also, as pointed out in my discussion of the Whitehead and 
Hamburger paper, is due to the mobility of its oil, but we should 
carefully distinguish between the two properties, interrelated 
as they are. 

The flat voltage-time curve is due to local characteristics of the 
cable and has nothing to do with hollow cores, reservoirs, stop- 
joints, etc. When cable cools, especially after the high tempera¬ 
tures of manufacturing, the contracting oil tends to concentrate 
in. the thin passages where the capillary attraction is greatest, 
and to draw away from the larger passages where the attraction 
is least. These passages, in the order of their capillary attrac¬ 
tion, are as follows: 

1. Spaces between fibers of paper , 

2. Spaces between flat surfaces of paper tape. 

3. Spaces between edges of paper tapes. 

4. Spaces between strands of conductor and space between 
insulation (or shield) and sheath. 

There are two opposing sets of forces during contraction, the 
net capillary attraction and the viscous resistance. In the cable 
of ordinary type, these forces balance somewhere between items 
(1) and (3) of the above list; usually between (2) and (3). In the 
oil-filled, cable, on the other hand, the balance is between (3) 
and (4). 

The “breathing" ordinarily discussed is the oil flow in and 
out of the cable through especially provided passages, and its 
function is to keep the strand spaces or oil channels filled, these 
latter being the real reservoirs of the oil-filled cable. 

Another feature of the single-conductor oil-filled cable which 
is more or less taJcen for granted, is that the very possibility of 
the use of breathing reservoirs depends on some open passage¬ 
way being made, at the splices, between the reservoir and the 
hollow core. The problem is to place this passageway where it 
will not weaken the joint hy promoting tangential leakage. 
Mr. Shanklin and his associates accomplish this by using pairs 
of terminators instead of joints of the ordinary type. . Messrs. 
Simmons and Atkinson eliminate tangential stresses in the oil 
passageway by the use of stress directive condensers. 

The following discussion assumes that where the authors 
(Dr. J. B. Whitehead and F. Hamburger, Jr.) refer to “impregna¬ 
tion pressures" they mean “evacuation pressures." It is the 
different evacuation pressures which change the air content. 
The small range of low impregnation pressures always ending 
with a period at one atmosphere, cannot appreciably affect the 
air content, as the cable is covered with oil during this phase of 
the process. There is, of course, no reason why the impregna¬ 
tion pressure should be related in any way to the evacuation 
pressure. My reasons for callihg attention to the matter are 
both to save readers of the paper from misunderstanding it and 
to suggest to the authors that they extend their experiments to 
ascertain the effect of a wide range of impregnation pressures on 
the residual air content, using a constant evacuation pressure. 

Some manufacturers impregnate their cables under a high 
pressure, say 100 lb. per sq. in. or more, after, the vacuum treat¬ 
ment. Such pressures may affect the distribution of free air 
content by causing the free air to go into solution in the oil, 
from which it would be partly thrown out, but more eVenly 
distributed, when the impregnating pressure i^, removed. The 


authors assume that their impregnation pressures are equal to 
their evacuation pressures, but this is not strictly true, as with 
the vertical impregnating tank, which they employ, the impreg¬ 
nating pressure at the bottom of the sample is never less than 
several additional centimeters of mercury, due to the head of oil. 

The reinforced end with logarithmic flare, described by the 
authors, was suggested several years ago by Mr. C. P. Hanson 
and further developed by Mr. John H. Palmer, whose discussion 
gives some design details. 

The authors call attention to a very important point in con¬ 
nection with the parallel testing of cables. It has long been 
known that voltage rises occur due to resonance when two or 
more reels pf cable are tested simultaneously at liigh voltage. 
That similar effects could occur due to the multiplication of test 
samples four feet long, is very surprising. I believe the authors 
might, with great advantage, follow up the clue suggested by 
these experiments. It might lead to very important develop¬ 
ments. 

An investigation was made recently by Mr. John H. Palmer, 
of the effect of corona on test voltage, by means of Lichtenberg 
figures. 

The high-voltage transformer was rated at 150 kv. and 150 
kva. This was connected by a small wire about 6 in. long to a 
1 in. diameter bus. This bus was approximately 20 ft. long' 
It passed through a wall with a wall type bushing and had a 
right angle bend near its end. The ends of the bus were originally 
rough and unfinished. Before the following tests were made, 
however, all of these rough corners and ends were rounded and 
smoothed off with plastic wood and then given a coat of conduct¬ 
ing paint. All small conductors were replaced with ones of 
large diameter. When this was done, no corona was visible at 
voltages below 90 kv. There was considerable corona, however, 
visible at voltages above 100 kv. 

The apparatus used for obtaining the Lichtenberg figures con¬ 
sisted of a small, light tight wooden box with an electrode pro¬ 
jecting through the top. It was electrostatically shielded by lead 
foil over the outside, which also acted as the ground electrode. 
Photographic film was placed under the high potential electrode. 
A pillar type insulator having six petticoats was used as a 
potentiometer. This was set on a grounded metal plate and had 
a 2 ft. diameter shielding ring on the top. The top was then 
connected to the bus by a large diameter lead and the indicator 
was connected across the lower petticoat. 

Tests were made at 60, 80, 100 and 125 kv. on the bus alone, 
and on the bus plus about 20 ft. of No. 22 A.W.G. copper wire 
to produce corona. Tests were also made with two cables (15 
ft. long imder the lead) as load, at 60 and 80 kv. These cables 
were single conductor No. 4/0 with 220-mil impregnated paper 
insulation. They were connected to the bus by means of ap¬ 
proximately 20 ft. of No. 22 A.W.G. wire. 

Typical results of tests are given in Pigs. 1 to 4. The follow¬ 
ing table gives a summary of the complete results: 



Figure diameters for various loads and voltages 

Voltage 


Biis + 20 ft. Bus +2—16 ft. cables 


kv. load 

Bus 

No. 22 wire 

+20 ft. No. 22 wire 

Mean 

60.... 

. .0.80 in.. 


.0.88 in. 

.0.84 in. 

63.... 


.. .0.83 in. 


.0.83 in. 

80.... 

..1.14 in.. 

.. .1.09 in. 

.1.12 in. 

.1.12 in. 

100.... 

. .1.24 in.. 
1.28 in. 

, , .1.23 in. 

. . 

.1.26 in. 

126.... 

..1.51 in.. 

...1*48 in. 

. . 

.1.496 in. 


These results as a whole show no definite increase in figure 
diameter with corona. The deviation from a mean has|been 
calculated for each voltage and was a maximum at the 60 and 80 
kv. points, where it amounted to 0.04 in. and 0.03 in. respectively, 
orSkv. 


















December 1931 


HOLMES: INSULATION VARIABILITY 


1461 


If the very considerable amount of corona used in these tests 
had no appreciable effect on the voltage, it is to be presumed that 
the shortened cable lives noted by the authors must be due to 
some kind of resonance effect* 

The authors carried all of their life tests to a point of break¬ 
down* This was our practise until the last few months, when we 
changed to that of stopping the test when the sheath attained a 



ABC 
Pig. 1 —Tests at 60,000 Volts 

(yl) Transformer loaded with bus and two cables 

(B) Transformer loaded with bus only 

(C) Transformer loaded with bus and corona-forming wire 
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Pig. 2 —^Tests at 80,000 Volts 

(A) Transformer loaded with bus and two cables 

(B) Transformer loaded with bus only 

(C) Transformer loaded with bus and corona forming wire 
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Pig. 3—Tests at 100,000 Volts 

(A) Transformer loaded with bus only 

(B) Transformer loaded with bus and corona forming wire 

certain temperature. This was ascertained by coating the sheath 
with wax containing red lead to give it greater visibility. When 
the melting point of the wax, approximately 60 deg. cent., was 
attained, the test was discontinued. This enabled us to catch 
incipient failures in the majority of cases. The paper tapes from 
such hot spots were removed &om the cable and laid out on a 
board so that they could be studied with ease. One of the 
results of this study was to find that^ there are apparently two 


tsrpes of failure which may or may not correspond with the two 
types described by the authors. We designated these types as 
the radial and tangential type, respectively. In the radial type 
of failure, there was a direct puncture through the insulation 
without formation of dendrites. All tangential failures are 
radial in their final phase. 

The radial failures generally occurred without heating the cable 
sufficiently to melt the indicating wax, although in one case a 
partial radial failure was noted, which had not pierced the 
insulation. In the tangential type dendrites formed on the 
inner layers of the insulation. In all cases but one the dendrites 
were on the concave side of the tapes. The only case of a den¬ 
drite on the convex side of the tape (except where they were 
printed by the carbonaceous matter from the concave side of the 
adjacent tape) was found in a capacity-graded cable, where the 
hot spot and dendrites developed a little way in from the sheath. 
In this case the failure progressed from sheath to conductor and 
all the dendrites were on the convex side. 

Dendrites originate opposite channels between tape edges. 
In the beginning they are isolated spatters of charred oil, but 
later they link together forming tree patterns which eventually 
burn into the paper. Each original spatter appears to be pre¬ 
ceded by X formation and the X subsequently carbonizes. It 
is fairly well established that X is the result of ionic or short- 



a b 

Pig. 4 —Tests at 125,000 Volts 

(A) Transformer loaded with bus only 

(B) Transformer loaded with bus and corona forming wire 

wave bombardment of oil. Hence we may infer that the forma¬ 
tion of dendrites is preceded by an ionic or short-wave emission 
from craters in the channels between tape edges. 

These observations show that the failure of impregnated paper 
insulation is a progressive event with a definite direction of travel, 
but they do not reveal the reason for any particular direction. 

The authors state that “the specimens that were short-lived 
showed, upon examination, evidence of large quantities of 
entrapped air or gas and incomplete impregnation, as was indi- 
indieated by dryness of the paper tape.” It might be inferred 
from this that the authors regard this entrapped air or gas as 
the cause of the short life. Without entering upon the question 
of whether entrapped air does or does not cause short life, we 
found very strong evidence that cables may have very short 
without any considerable amount of entrapped air., the gas which 
is found at the hot spot being generated by the latter and not 
being the cause of it. 

The temperatures attained at the craters where hot spots 
originate are above the temperature at which impreg^ting 
compounds are converted into gas. Gas which is found in the 
cable in the neighborhood of a dendritic hot spot consists princi¬ 
pally of hydrocarbon gas and not en^pped air. 

If tangential type failures originate in craters between tape 
edges and do not depend upon the pressure of air, what causes 
them to form? An excellent working theory is that each crater 
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is a miniature wave or electron-emitting vacunm tube. When 
the oil in a cable contracts in cooling, it will form vacuous bubbles 
in the channels if of high viscosity, but will draw oil from a 
considerable distance if of low viscosity. The dividing line 
appears to be a viscosity of about 20 minutes Saybolt. 

In this connection it is significant that we have been unable to 
form dendrites in cable impregnated with thin oil (the so-called 
oil-filled type) even when purposely impregnated very poorly. 
Such cables, on life test, become hot throughout their length, 
without developing dendrites. The principal reason for the 
excellent time-voltage characteristics of oil-filled cable is the 
absence of dendritic hot spots and this, according to my theory, 
is due to the absence of minute vacuous bubbles and not to the 
absence of air. 

The authors state in their conclusions that low pressures of 
evacuation are more. important for the further withdrawal of 
moisture than for the reduction of air content. This is un¬ 
doubtedly true of the samples having insulation walls of 65 mils. 
If the thickness of insulation had been ten times as great, say 
650 mils, they might have reached a different conclusion. 

The principal part of the author’s work constitutes a very 
valuable contribution to our knowledge of the subject. All of 
the work has been done with such a high degree of experimental 
skill that the three papers in which it is described will long serve 
as a reservoir of facts, whatever interpretation may later be 
placed upon them. 

John H. Palmers Life tests on experimental cables have 
been in progress on cables with 220 mils of paper insulation and 
80,000 volts between conductor and sheath. Considerable 
diMculty was experienced in testing these samples, due to the 
fact that ordinary commercial terminals failed to hold the voltage 
for any appreciable length of time. Several designs of terminals 
were tried, following an idea of Mr. 0. F, Hanson, involving a 
graded condenser. The terminator as now used is based on a 
design involving a potential gradient not exceeding 5 volts per 
mil. 

In order to attain a uniform potential gradient along any part 
of the insulation, it should be shielded with a metal shield, of 
diameter increasing with the distance from the lead, according 
to the following law: 


D 


anti-log 




_P 

E 

gi 


1 


+ 0 




Where 

D = diameter of shield (in.) at distance I (in.) from edge of sheath. 
E = kv. conductor to sheath. 

g = potential gradient, kv. per in. allowed along surface of paper. 


P 



de 


Q = log dp. 

dp = diameter over cable paper, in. 
de » diameter of conductor, in. 
ki « Specific inductive capacity of built-up tape. 
kp =* Specific inductive capacity of cable insulation. 

Example: One-conductor 500,000 cir. mil, 220 mils of paper, 
to be tested at 80 kv., let us assume 
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.7 
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3.. 

.15. 
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. 4.33.. 

.0.0479. 

. .0.1462.. 

..1.400 

4,. 

.20. 

4.0 ... 

. 3.0 .. 

.0.069 . 

. .0.1673.. 

..1.470 

5.. 

.26. 

3.2 ... 

. 2.2 .. 

.0.094 . 

. .0.1923.. 

..1.557 

6.. 

.30. 

2.67... 

. 1.67.. 

.0.124 . 

. .0.2223.. 

..1.671 


The procedure is to build up to the diameter D with bias cut 
varnished cambric tape. After the 6 in. of base for the shield 
have been applied, the tape is built up as steeply as it can be 
laid for 1 in* then tapered in to the end of the cable. The 
object of the steep taper is to make a bulge beyond the end of 
the shield as a barrier against flashover. Heavy oil is applied 
between the layers of varnished cambric. The shield consists of 
lead foil or copper braid, applied tightly over the varnished 
cambric for 6 in., i. «., up to the beginning of the bulge. The 
cable end thus prepared is inserted in a porcelain terminator. 

F. M. Clark: The following discussion of the paper by 
Messrs. Whitehead and Hamburger includes several suggestions 
presented for consideration. 

In drawing conclusions concerning the dielectric behavior of 
oil-treated insulation, it is necessary that the conclusions be 
limited to the type of specimen investigated. In the work done 
at Pittsfield we usually use a flat section of insulation between 
parallel aluminum electrodes built up to the desired electrical 
capacity. In some oases the electrodes may be wound cylindri- 
cally and later fiat pressed to a form resembling a standard 
commercial capacitor. Our work is based entirely on Kraft and 
linen paper. 

It has been found that in any study of the time voltage relation 
for fibrous insulation, it is a dangerous procedure to compute 
low-voltage breakdown from data obtained with breakdown 
over periods of only a few days or weeks. Experience has been 
that breakdowns in the laboratory are preceded in every case 
by corona formation. The factors governing such corona 
breakdown appear to be coupled with chemical changes in the 
dielectric solid or dielectric liquid. These changes are largely a 
function of heat concentration in spots and this in turn owes its 
source to the value of voltage used. In many eases the absolute 
value of voltage appears to be of more importance than the 
voltage stress. The procedure of calculating a breakdown for 
2,000 or 3,000 hours from breakdown involving only a few days 
appears to present to us many obstacles with the limited knowl¬ 
edge at present available. 

A rising power factor during the first few days of voltage 
application has been noted in insulation study at Kttsfield. In 
aU work we have used a voltage as high as 8^ volts per mil for 
dielectric thicknesses up to 8 mils. The life of the insulation may 
run over a period of several years. In practically every case, 
this initial increase in power factor is gradually lost and ulti¬ 
mately the original or even a lower power factor is obtained. 
These testa are carried out in sealed containers. The power 
factor rise during the initial stages of a life test has not been 
able to be associated with the total life of the insulation with any 
degree of reliability. The authors conclude that cable com¬ 
pound will deteriorate even if it is sealed in contact with air. 
This is a conclusion of considerable value. It should be carefully 
checked. 

In Pittsfield a single stock sample of impregnating liquid of 
medium viscosity has been used for several years and no deteri¬ 
oration of liquid has been noted either in its chemical, physical 
or electrical properties, its electrical stability under aging test, 
or in the electrical characteristics of insulation treated with it. 
The liquid, however, is protected from the action of light although 
it is in a standard oil drum, with no special precautions aside from 
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the usual oil drum seal, I assume that iu the work presented by 
the authors, the treating compound is protected from light. 

We can well agree with the conclusions of the present paper 
that the life of impregnated paper insulation increases steadily 
with a decrease in the amount of residual air. However, we 
would restrict this conclusion to experiments of a similar type 
to those performed by the authors. The effect of residual air in 
our tests becomes apparent only as the voltage of the test is 
raised well above those usually met in commercial operation. 
The effect of residual air appears to be coupled again with corona 
formation or chemical effects produced m the oil or paper which 
are strongly accelerated by the higher voltages in the presence of 
residual air. With low voltage operation, similar to those met 
in commercial practise, we have found no effect of residual air 
within the dielectric unless the air be contained in pockets, under 
which condition of course ionization and early breakdown become 
possible. 

I desire to emphasize the importance of conclusion No. 8 which 
calls attention to the desirability of carefully controlling both 
the paper and oil used for electrical insulation. In our tests, we 
have found that most paper and oil shipments made exactly to 
the same physical characteristics, from the same source, using 
the same manufacturing method, and the same basic material 
may vary widely from shipment to shipment and the variation 
be of such magnitude as to affect seriously the electrical proper¬ 
ties of apparatus involving their use. At the present time much 
expense is necessarily encountered by the designer of electrical 
apparatus in order to protect himself from such variations. 

J. B. Whitehead: The increases in voltage rating and in 
carrying capacity and other characteristics of the oil-fflled cable 
have led to the general feeling that it possesses inherently great 
advantages over cable of earlier, or as described by Mr. Roper, 
of “ordinary’’ type. While he does not make a specific state¬ 
ment, Mr. Roper nevertheless reflects a definite feeling to this 
effect in his comparison of the ordinary and the oil-filled types 
of cable, notably in his discussion of their relative stability, as 
indicated from their power factor characteristics, as well as in 
the obvious hope expressed in one or two places that the oil-filled 
principle may be extended to a wider economic range of voltage 
and load rating. 

The question arises, therefore, as to whether Mr. Roper has 
made allowance for a superiority of this character in making his 
estimate of the relative capital costs and annual charges. Among 
his assumptions there is no evidence, for example, that any 
increase in stability or in life is allowed to the oil-filled cables. 
In item (20) the fixed charges, which presumably include depre¬ 
ciation, are placed at the same figure for all types of cable. In 
his conclusion (8) and in the results of Table II, Mr. Roper sug¬ 
gests that a moderate reduction in the cost of 66-kv. oil-fiUed 
single-conductor cable would cause it to show up much better in 
comparison with the ordinary type on the basis of economy. 
I should like to ask Mr. Roper whether a credit for increased 
stability and life of the oil-filled type might not swing the com¬ 
parison of the 66-kv. single-conductor cable more definitely to 
the oil-filled type and perhaps even extend the economic oil-filled 
range even lower in the scale of load and voltage values. 

Referring to Pig 31, it is surprising to find that in the original 
condition every one of these cables shows a rising power factor— 
voltage characteristic. This is very disconcerting because one 
of the principal advantages claimed for this type of cable is 
improved impregnation and avoidance of this condition. Refer- 
riug to the improvement of these ionization characteristics with 
time, as shown in Pig. 31, we have frequently noted this type of 
change in our laboratory studies of the influence of residual air. 
In our experiments, however, it indicates usually a relatively poor 
condition of impregnation and relatively short life, as shown in 
Pig. 4 of our paper. 

Referring to the same question, we have also noticed another 
type of slow improvement of power factor with time under test, 


which we have attributed to a slow improvement in the degree^ of 
impregnation. This type of change, however, is associated with 
perfectly flat original and subsequent power factor—^voltage 
curves. 

Based on the results of our laboratory studies, therefore, it is 
my feeling that efforts should be made to obtain flat power 
factor—^voltage curves originally, rather than to rely on the 
tendency for an original rising characteristic to change to a flat 
one in the course of time. 

R. W, Atkinson: Mr. Holmes has made available for use in 
the study of cable insulation the laws of probability. He has 
pointed out and emphasized the importance of the coefficient of 
variabihty, S, and has shown how its effect may be determined if 
sufficient information is available to obtain its value. The 
above points constitute the important part of Mr. Holmes’ 
paper and these points should be very useful in the study of 
insulation. Having developed his theory the author then goes 
on to show how to apply it to practical cases. The writer 
wishes to emphasize the limitations of the author’s method of 
attack on these practical cases and to point out certain errors 
in his assumptions. 

The author attempts to show how to apply the developed 
theory to cable operation. He takes certain data which are 
based on five-minute tests but usually evaluated by means of an 
arbitrary exponent to a one-hour basis. He then re-evaluates 
these breakdown values in the same way to a 100-hour basis and 
assumes further that he can also evaluate it to one year, still on 
the strength of the five-minute results. Having done all of this 
extrapolation he applies his mathematics and tells us how much 
cable probably will fail in a given length of time at a given volt¬ 
age. He suggests that at some later date cable engineers will 
determine the correct exponent, apparently failing to recognize 
the fact that the straight exponential relation between voltage 
and time applies only for small time differences, if at all, and 
that there is probably a more important variation, from one 
cable to another, with respect to this exponent than there is in 
the property which he is studying. The practical application 
thus given is, to say the least, definitely misleading. 

The application of the developed theory should properly have 
been confined to the same terms as the observed data. It could 
then be pointed out how the probabilities so determined could be 
applied to longer periods if the voltage-time relation were known. 
For example, if the data from which the coefficient of variability 
is determined consist of five-minute tests, the method described 
in the paper would permit us to teU how many failures we could 
expect in five-minutes if say 100 miles of cable were tested at a 
given voltage. 

The author points out that from 10 to 20 tests are necessary in 
order to determine the coefficient of variability. I wish to 
emphasize this point and call attention to the fact that in actual 
cases in any given lot df commercial cable it is very seldom that 
sufficient data are obtained to give a fair average, let alone the 
coefficient of variability. Even in the ease of an order of cable 
large enough to furnish sufficient tests, the cable will be manu¬ 
factured over a considerable length of time and might introduce 
a number of variables which would not exist if the cable were 
made at approximately the same time. The cost of making an 
adequate number of tests for the determination of variability 
would ordinarily preclude the possibility of their being made on 
any given lot of cable. 

It should also be borne in mind that even 10 to 20 tests would 
give the coefficient of variability only for the range in the vicinity 
of the average breakdown value. If, for example, 10 tests are 
made, the ordinates must necessarily be in 10 per cent intervals 
with the lowest point at 5 per cent and the highest 96 per cent. 
Extrapolation must be resorted to below the 6 per cent value and 
above the 96 per cent value. Normally, in determining probabil¬ 
ities of failure in operation we would be concerned with prob¬ 
abilities much lower than 5 per cent. As the actual distribution 
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function approximates the normal law only in the neighborhood 
of average values, extrapolation can not be expected to give 
accurate results either in the neighborhood of 0 per cent or 100 
per cent. The author recognizes this in his Fig. 4 by plotting 
points above 80 per cent probability, so that they do not follow 
the curve drawn. One danger of too much extrapolation is 
indicated in the author’s statement under “Experimental Con¬ 
siderations” in the last part of seetipn a. He states that with a 
coefficient of variability of 6 per cent we will obtain one failure 
per 100 miles of cable under a stress of 75 per cent of average 
while with a variability of 20 per cent the same result will be 
obtained with a stress of only 17 per cent of average. Following 
out the same mathematics it will also appear that in the case of 
insulation with 6 per cent coefficient a stress of 125 per cent 
of average will cause failures in all the cable except one section 
out of 100 miles while with the 20 per cent coefficient it would 
appear that we would be able to go to 183 per cent of average 
stress before the same result is obtained. In other words, the 
calculation would indicate that the poorer insulation would 
stand far greater excess stress than the better insulation. 

Routine voltage tests made in conformity with cable pur¬ 
chasers’ specifications might give important data as to the lower 
portion of the probability curve were it not for the inconsiderate¬ 
ness of cable manufacturers in making cable so good that it 
almost never breaks down under ordinary test voltage. By 
increasing the test voltage sufficiently, some failures could no 
doubt be obtained, but such a procedure is undesirable both on 
account of the cost of broken down cable and because of the 
possible reduction in the life of the remainder of the cable. 
Some years ago the writer advocated the practise of testing a 
certain portion of all high-voltage cables at a considerably higher 
voltage than specified. This practise was adopted three years 
ago by the A.B.I.C. and now forms a part of that association’s 
cable specifications. Even where these tests do not result in 
failures, the data may be used in determining a limiting position 
of the lower part of the probability curve. 

It should be recognized that the variability of insulation is 
more important than the average strength as determined by 
tests on all or a large fraction of the cable. As has been stated, 
financial considerations will prevent the destruction of an appre¬ 
ciable amount of cable for the purpose of obtaining the required 
data for the reliable determination of this coefficient. Attempts 
are being made by various people to develop a satisfactory pro¬ 
cedure for its determination by tests on the entire quantity of 
cable without destroying any of it. One of the methods being 
tried, for example, is the discharge or noise bridge. 

Cable specifications as now used constitute an attempt to 
measure insulation variability, but do this very imperfectly. 
Incidentally, it may be remarked that we are here concerned only 
with such properties of cable insulation as directly determine the 
ability of cable to withstand operating conditions. We should 
not confuse ourselves with a mass of information as to properties 
unimportant in this connection, the chief reason for the deter¬ 
mination of some of which is often only the facility of measure¬ 
ment. Manufacturers’ control, inspection, and testing will 
always be one of the prime factors in giving at least one of the 
limits of the probability curve. The determination must, how¬ 
ever, always be baaed not on tests of a fraction of a per cent but 
on tests covering all or a major fraction of the cable, 

H. G. Burds From time to time criticism has been directed 
at the cable manufacturers for failure to improve their product 
rapidly enough. The rapid development in simplification of 
design and resultant economics in oil-filled cable and accessories 
does credit to the engineers of both the cable makers and the 
utilities. It also’ invites a parallel improvement in solid type of 
insulation. Some engineers are urging a reduction in thickness 
of insulation for medium voltage cable, as well as for high-voltage 
cable. Careful study is being given to this feature. Obviously, 
mechanical considerations alfect the minimum walls of insulation 


permissible. Also, a cable that may be workable on one system 
may not necessarily be equally successful on a second system; 
For example, a steady heavy load is less damaging to cable 
operation than an extremely variable load with wide temperature 
variations. 

Parallel improvement in solid type cable is already noticeable. 
The research programs started several years ago were planned to 
develop fundamental conclusions regarding insulation. Pro¬ 
fessor Dawes of Harvard reported that all occluded air, gas, and 
moisture could be removed from oil if broken up into thin layers 
under practically absolute vacuum. Power-factor voltage curves 
with flat characteristics up to 300 volts per mil were obtained for 
compounds thus treated. These results held good almost regard¬ 
less of the type of compound which proved definitely that air, gas, 
and moisture were the chief causes of trouble. Davis and Eddy 
indicated that oil at atmospheric pressure will absorb air up to 
10 or 15 per cent of its volume. This work connects Professor 
Dawes’ results closely with the work of Emanuelli, Shanklin and 
Mackay and shows clearly that ionization would increase in 
direct proportion to the void volume in the cable. Therefore, if 
ionization is to be prevented, -every precaution needs to be 
exercised to remove air and moisture completely. 

The study by Messrs. Whitehead and Hamburger at Johns 
Hopkins has been directed toward residual air and moisture in 
impregnated paper insulation. After dealing, in earlier studies, 
with fairly high pressure of evacuation and impregnation, and a 
repeated preliminary statement in this paper to the effect that a 
pressure below 2.5 cm. Hg. is not necessa^Wj we now find that for 
the studies in paper No. 3 they report (on page 1431) drying of the 
core under mm. Hg, and spraying of the oil (to break it up) 
into a chamber evacuated to a pressure of mm. Hg. Finally, 
keeping the oil under this degree of vacuum. 

It is exceedingly gratifying to us to note the use of this ex¬ 
tremely high vacuum, for two years ago we had opportunity to 
build and equip a new mill for cable manufacture and were, 
naturally, extremely anxious to incorporate in it all the benefits 
of the latest research developments. Commercial adaptation 
of these important laboratory advancements was the extremely 
difficult problem which confronted us. We also made numerous 
tests on commercial leingths of cable under the vacua available 
in old impregnating tanks, then with these same tanks improved 
to hold much lower pressures, namely, higher vacua. And this 
showed the difference dealing with full lengths of cable, with 
various degrees of vacua. 

The inference seems quite clear from their second and third 
papers that it is not necessary to go to 1 or 2 mm. Hg. impregna¬ 
tion or oil pressure treatment to secure the best finished cable 
product. Our disagreement with them is in the same channel as 
1928 discussions of the second paper by Messrs. Mackay and 
Del Mar.2 The major difference is in university laboratory »s. 
commercial cable mill manuf^turing methods. It is quite one 
thing to handle small amounts of material in miniature apparatus 
and with miniature samples, and vastly different to treat large 
masses of strand, paper and compound, bent around a drum, in a 
cable factory. There we are also dealing with cable from 65 
mils wall thickness up to 750 mils. Obviously, to obtain the 
same results as in a laboratory, large masses would need a higher 
degree of vacuum. 

Even the various results in the laboratory on samples as re¬ 
ported in this latest paper are quite erratic. The cokclusions, 
themselves, on page 1439 are certainly an excellent brief for high 
vacuum treatment. Finally note that oil-filled cable, with its 
lesser walls of insulation and perfect operating record, is so 
treated. 

In conclusion No. 5 and other places, reference is made to lonjg 
life and the inference may too readily be taken that this means 
long operating cable life in service. The two are vastly different, 
in fact it should be clearly kept in mind that these are simply 

2. Trans. A.I.E.E., JtUy 1928, pp. 839-840, 



December 1931 


HOLMES: INSULATION VARIABILITY 


1455 


extremely high-voltage life tests, and on samples. Solid type 
eables operate at from 30 to 60 volts per mil average stress. 
Testing at 300 volts per mil and higher can hardly be a completely 
satisfactory accelerated life test. While continuing to test that 
way because it is the present specihcation requirements, in the 
past several months we have been giving attention to methods 
which would more nearly simulate the operating conditions of 
cable in service. We have run cyclic loading tests on both belted 
and shielded tsrpe of cable and also have carried cable through 
repeated temperature cycles without loading but by oven heating 
and cooling. Two or three years ago the Detroit Edison and 
Brooklyn Edison companies tried cyclic loading tests but 
apparently with results not completely satisfactory. These tests 
have also been tried abroad. Our tests have been made with 
much planning and care and have been very gratifying and 
satisfactory. 

We do not propose cyclic loading tests as a satisfactory substi¬ 
tute for the present methods of factory acceptance testing of 
cable. Obviously, these tests take too much time and are too 
costly. But it is a significant coincidence that cable made this 
way and so tested has parallel operating life in service to oil-filled 
cable. 

These two types of test also take the cable to much higher 
temperatures than the 40-60 deg. cent, mentioned in the papers 
by Messrs. Whitehead and Hamburger. We feel it is most 
important to cover this temperature range in an attempt to 
judge good cable from bad. 

Every experience that we had in the past year indicates that 
while extremely high vacua and separate treatment of sprayed 
oil and core, keeping the air at all times away, is a more expensive 
method of cable treatment, its use, combined with continued im¬ 
provement in the (now quoting from page 1439 of Messrs. White- 
head and Hamburger^s paper) ‘‘uncontrolled variations in the 
uniformity and quality of oil and paper,’* clearly offers a method 
whereby vastly improved solid type of insulation is secured, 
paralleling (as mentioned in the first part of this discussion) for 
solid type of insulation the improvements in oil-filled cable. 

E. G* Linder: The infiuence of the small amounts of moisture 
and air which reside in the impregnated paper insulation of 
cables immediately after their manufacture, has been discussed 
by Messrs. Whitehead and Hamburger, but no mention has 
been made of the moisture and gases which may be produced 
in the cable after its installation. The residual moisture and 
air may serve to initiate the deterioration, but it seems that the 
reaction products generated by the glow discharges in the voids 
must play the most important part in the subsequent course of 
the deterioration. 

During the past few years we have been studying at Cornell 
University, the reactions of organic compounds in the glow 
discharge, for the purpose of throwing light on the process of 
decay of cable insulation. The Cornell studies, while special¬ 
ized and purely scientific in nature, are supplementary to a 
more general and practical program of cable research being 
carried out by the Detroit Edison Company. 

In spite of the fact that it is now generally believed that 
ionization in discharges in voids is the principal cause of cable 
deterioration, a smrprisingly small amount of research has been 
done on the chemical effects of these discharges. In fact, it 
seems that the Detroit Edison Company’s work, together with 
the supplementary work at Cornell, is the only investigation 
which has been made along this line. The field is certainly of 
sufficient importance and breadth to deserve the attention of a 
much larger number of investigators. 

Our work has thus far dealt mainly with the effects of dis¬ 
charges in pure hydrocarbons, rather than in mineral oils, which 
are usually mixtures of some two hundred different hydrocarbons 
and therefore too complicated chemically to be suitable for a 
scientific study aimed at determining the fundamental processes. 


About seventy different hydrocarbons, including representa¬ 
tives of all different types, have been investigated, and it has 
been found that they all react in the glow discharge (without the 
presence of air or moisture). The discharges have been produced 
in the vapor phase of the hydrocarbons, as they would occur in 
the gases in the voids in cables. Solid, liquid, and gaseous 
products have been found to be produced, in apparently com¬ 
plicated mixtures consisting of many different compounds. The 
solids are partly waxy, amorphous substances, and partly crystal¬ 
line. The liquids seem to rai^e from thick, syrupy compounds, 
to light, volatile ones. However, as yet, only a very meager 
study of the solids and liquids has been made, and there are but 
few reliable data as to their nature, the investigation having 
been largely confined to the gases. 

The chemical composition of the gases from the different 
hydrocarbons does not vary over a wide range. It i^ about the 
same for aromatics as for paraffins, and consists of from 40 to 
60 per cent hydrogen, 50 to 30 per cent unsaturated gases, and 
about 10 per cent paraffins. This composition does not corre¬ 
spond with that of gases found in actual cables, which run about 
90 per cent hydrogen, but correspondence should not be expected 
since we are here studying the primary reactions in simple pure 
hydrocarbons, and not the more complicated series of reactions 
in complex oils which actually occur in cables. Extensions in 
that direction logically come later on after the fundamentals have 
been made clearer. 

Under arbitrarily standardized test conditions, it has been found 
that paraffins produced three or four times as much gas as aro¬ 
matics, but on the other hand, aromatics produce two or three 
times as much insoluble Tyax. The gas-to-wax ratio by weight 
for aromatics is about 3:1, whereas that for paraffins is about 
50:1. There appears to be a rough relation between the degree of 
saturation and the amount of wax produced, the rate of wax 
production increasing with decreasing saturation. 

Definite relationships between the rate of gas production and 
molecular structure have been found. The results appear to be 
in harmony with two rules, namely; 

(1) In a series of similar compounds, the rate of production of 
gas increases with the molecular size. 

(2) In a series of similar compounds (all of the same molecular 
weight) the rate of production of gas decreases with increasing 
molecular centralization. 

As an example of rule (1) the n-paraffin series may be cited, 
the ra1;j3 of gas production increasing with the length of the 
carbon chain; as an example of rule (2) the series, n-butylbenzene, 
sec-butylbenzene, and tert-butylbenzene, may be given, the rate 
of gas production decreasing in the order in which the com¬ 
pounds are listed. 

We have shown, therefore, that even in the absence of air and 
moisture, complicated chemical reactions occur in hydrocarbons, 
which must play an important part in cable deterioration. It 
is planned to start an investigation immediately on oxygen- 
containing compounds, such as alcohols, esters and ethers, 
with the purpose of throwing light on the effect of the presence of 
cellulose in cables. It is anticipated that the presence of oxygen, 
along with the carbon and hydrogen in the compounds, will 
result in the actual formation of large amounts of water. 

, Some of the above results have been published in the Physical 
Review, 35, 1930, p. 1375. Further data will soon be available 
in detail in a number of forthcoming papers in scientific journals. 

Edwin B. Middleton: In the paper by Messrs, Shanklin 
and BuUer under “Advantages,” a statement appears “Positive 
oiJ pressure is maintained and because of this, fiaws and 
defects in the lead sheath merely result in slow lealcage of oil 
which can be located and repaired at any convenient time* 
Electrical service failure caused by entrance of moisture and air 
is usually the first warning of such defects in solid cable.” Also, 
under “Other Factors and Characteristics—Strength of Lead 
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Sheath,*’ there is this statement, **The integrity of the sheath 
is a very important feature of oil-hlled cable practise.** 

Electric power cables for high-tension service consist essentially 
of a conductor and insulating layer, usually impregnated paper, 
and an extruded lead sheath. Conductors are universally satis¬ 
factory and oil impregnated paper insulation has reached a high 
state of perfection due to continued study by manufacturers and 
operators. However, the lead sheath extrusion process has 
changed but little and is essentially the same as 30 years ago. 
It is believed that more Siccurate methods should be developed 
for the control of the lead covering processes. These should 
include not only control of the temperature of the material, but 
also freedom of the molten lead from accumulations of foreign 
materials that might afPect the integrity of the fbiished product. 

After approximately two years use of positive pressure reser¬ 
voirs in connection with 66-kv. solid type single-conductor cable 
iu the Philadelphia Electric Company system, I feel that the 
integrity of the lead sheath is equally as important in the case 
of the solid insulation type of cable as with the oil filled, and for 
the same reasons in each case. Since replacing the original 
sylphon installations with positive pressure reservoirs, it has been 
necessary to withdraw a number of cable sections due to split 
sheath. These situations were detected by oil leaking from the 
duet mouth. 

An analysis of these troubles seems to indicate that a large 
proportion of these sheath failures are undoubtedly the result of 
inherent manufacturing defects. By their nature they could not 
be readily disclosed by tests. It appears, therefore, that these 
defects only become apparent as the result of many repeated 
movements of the cable closely following the load cycle, com¬ 
bined with the pressures imposed by the reservoirs. The former 
factor was probably a very large contributor to the ultimate 
failure since laboratory tests on cable samples at sustained pres- 
STires well above those which it is reasonable to believe exist in 
service, did not disclose discernible changes in the sheath. 

There also appears in the Shanklin and Buller paper, under 
“Other Systems of Oil Feed,** the statement “Segregation where 
Actually required can be obtained by safer and more economical 
means.** This refers to what the authors might call the elimi¬ 
nation of xmnecessary stop joints. I would like to learn just how 
the authors propose to eliminate or minimize the present form 
of stop joint and still secure adequate segregation. 

Howard S. Phelps s Referring to Prg. 3 of the paper by 
Messrs. Atkinson and Simmons, there is an operating problem 
to which attention should be called. The authors make no 
mention of studies they may have made of materials other than 
galvanized steel for the outer casings of the oil reservoirs. It 
would seem, however, serious consideration should be given this 
feature of the system they propose. 

Observations in Philadelphia of both aerial and underground 
transformers housed in steel tanks, even the so-called copper- 
bearing steels, have led to investigations of corrosion resistant 
materials and finishes that might be used advantageously for 
transformer tanks and similar applications in underground 
construction. 

The condition of some 150 samples, after approximately 18 
months* installation in manholes of the Philadelphia Electric 
Company’s underground transmission system indicates that for 
sheet materials, such as used in the outer shell of the oil reservoir, 
there are but few commercially available that may be expected 
to have a life ansrthing like approaching that which is expected 
of lead-sheathed cable. 

It would be reasonable to presume that the outer shell of the 
pressure type variable volume oil reservoir would require a 
number of welding operations in its manufacture. It has also 
been forind, and the Philadelphia tests confirm the point, that 
even the “stainless steels’* have very poor resistance to corrosion 
in the event that any welding processes have been applied to 
them. 


In lieu of using materials concerning which there may be 
questions as to their ability to resist corrosion, but which are 
used because of lesser cost, it might be found economically 
advantageous to use other materials concerning which there is 
little, if any, question of ability to withstand corrosion and thus 
obviate routine inspections of equipment at intervals of two or 
three years to determine if corrosion has set in, together with a 
program of protective painting should corrosion be found. 

T. N. Rileys Direct-current control of drying makes it 
difficult to obtain coniparative and reproducible results with 
any high degree of accuracy. If a short time reading is taken the 
conductivity is rapidly changing owing to the absorption effect, 
and if a long time reading is taken the real conductivity of 
fibrous hygroscopic materials is liable to be obscured by polari¬ 
zation effects. We have preferred to make control measurements 
of a-c. leakance and conductivity at 800 cycles alternating 
current because at this frequency the power-factor temperature 
curve is not so steep as at 50 cycles and small temperature errors 
are less likely to obscure any changes in power factor due to 
other causes. This seems to me particularly important in deal¬ 
ing with papers of quite different characteristics as in the tests 
reported in the paper by Messrs. Whitehead and Hamburger. 

Arising out of this difference of paper supplies I think too much 
weight is attached to porosity tests alone. It would be quite 
possible to get two totally different papers with equal porosities 
one having, for example, few relatively large spaces between 
fibers and the other a large number of relatively small spaces 
giving equal air flow on test. Assuming an equal condition of the 
fiber surface the latter would probably take up oil more rapidly 
owing to a greater capillary pull. The fiber surfaces themselves 
may differ widely according to the beating received in manu¬ 
facture. The No. 2 paper, for example, appears to have been 
highly beaten resulting in a considerably greater hydration of the 
cellulose than occurred in Nos. 1 or 3. The conductivity is 
therefore intrinsically greater, since a large part of the water is 
chemically combined and cannot be removed without breaking 
up the paper structure. Such excessive beating would tend to 
give a paper of lighter weight for a given thickness, particularly 
if the porosity is high. It seeins to me therefore that to obtain 
comparative results, paper of known and uniform absorbency, 
density and porosity must be used. 

It appears quite possible that the increase in power factor 
with increase of voltage shown, fbr example, in Fig. 6 may really 
be due to a local rise of temperature in the insulation caused by 
the increased loss at the higher stress (which temperature control 
of the oil bath could hardly prevent) and is not a voltage change 
at all. I am the more inclined to this view since the change’ 
appears to be slow and to take two hours or so to establish, 
whereas a change reaUy due to voltage would probably take 
place very quickly. 

The next point is that the small differences obtained in life for 
impregnation at pressures between 2 mm. and 2.5 cm. are prob¬ 
ably due largely to the conditions of the test, that is to say that 
when the thinly insulated sample is exposed to oil penetration 
along the whole length, the oil, whatever its condition after 
impregnation rapidly takes up gas from the oil bath exposed to 
nitrogen at atmospheric pressure. The result of the low-pressure 
treatment is therefore largely nullified. A tighter structure 
would slow down oil movements and by retarding the re-gassifi- 
cation give longer life as is reported. 

With 40-cm. impregnation on the other hand there is a ten¬ 
dency for an opposite effect, i, c., for oil penetration into the body 
of the paper to continue slowly while the cable is iu the bath, the 
improvement in filling counterbalancing any increased gassifica- 
tion of the oil. There seems good reason to believe that the real 
differences produced by impregnation at different pressures are 
greater than the test results indicate. 

With actual high-voltage cables employing a much thicker 
insulation and having an impervious lead eheathing preventing 
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easy access of gassified oil after impregnation, tbe improvement 
obtained by high vacuum impregnation would be much more 
marked. 

With good impregnation and gas free oil there is no initial rise 
of power factor as shown in Fig. 7. Such rise is definite evidence 
of defective impregnation. It is therefore to be expected that 
longer life is obtained with a smaller initial rise of power factor, 
but it is somewhat surprising that any quantitative relationship 
should exist between the two factors such as is shown in Pig. 8. 
The erratic distribution of the single tests in Fig. 9 is more easily 
appreciated. 

There is another effect occurring in actual cables which tests 
in an oil bath do not show up. Suppose a cable is impregnated in 
relatively poor vacuum and is then lead sheathed. A test im¬ 
mediately after manufacture may give a flat power factor— 
voltage characteristic. If now the cable is allowed to stand for 
a few weeks a repeat test may show a characteristic rising with 
voltage. The explanation probably is that in impregnation the 
separating layers between papers are first filled leaving the papers 
themselves isolated. Such trapped air or gaseous spaces as 
exist at first are largely in the body of the paper, and being 
finely divided, do not ionize under voltages up to values con¬ 
siderably above normal. On standing, however, the paper 
continues to talre up compound at the expense of the layers 
between papers, in which case what gas there is tends to collect 
in larger aggregates. These spaces now ionize at a lower voltage 
so that the characteristic of the cable is changed on standing. 
If oil is available from a surrounding bath, it is not to be expected 
that this effect would show up so markedly. It may be, however, 
that the initial rise of power factor found is really due to this 
time factor alone and is not dependent on continuous application 
of voltage. It would be interesting to know whether any tests 
have been made which would clear up this point. 

Robert J. Wiseman: Mr. Roper’s paper is a very fine 
treatise on the economics of cable operation in comparing the 
oil-filled type of cable with the solid type of cable. It is true 
that a positive pressure must be maintained at all times on the 
oil-fiUed cable. I think it is equally true that we should have 
positive pressure on solid cable. With present day compounds 
used in solid cables, this is not obtainable at all times. Studies 
are now being made to determine how fluid an oil must be to 
accomplish this end. We are learning that other factors beside 
fluidity of an oil have an important bearing on the successful 
operation of a cable and that the use of a low viscosity oil in 
solid type cables may be undesirable. However, we have found 
by accelerated aging tests that solid type 132-kv. cable can be 
made to operate successfully. 

It is interesting to note that the 1930 oil-filled cables used a 
lower viscosity oil than the 1927 cables. Mr. Roper gives this 
as the reason why the single lead sheath was used for the 1930 
cables as compared to the double reinforced sheath of the 1927 
cables. As the 1927 cables have not been loaded as high as per¬ 
missible, they have not yet been subject to the effects of sudden 
changes in temperature due to changing load. I am more in¬ 
clined to believe that the lead sheaths on the 1927 cables were too 
thin to start with and each by itself was not able to withstand 
the positive pressure necessary. If a single heavy lead sheath 
was used, they would not have experienced the sheath failures 
they did. It is believed also that equaUy as good operation can 
be obtained with a slightly heavier oil than even used in the 1927 
cables and also obtain a more stable oil. 

The paper by Messrs. Shanklin and Buller is a very interesting 
treatise on the theoretical aspects of oil-filled cable. Some of 
the advantages over the solid cable are being met by changes in 
types of oil and paper in the latter, but from tests which we have 
recently made, we are still not able to duplicate entirely the 
oil-filled cable, although the solid 132-kv. cable is a feasible 
design. 

It is possible to obtain on solid type cable, power factor—^volt¬ 


age curves similar to those shown by Mr. Roper in Fig, 31. 
We have under test, a 132-kv. solid cable which has been subject 
to double voltage for over 500 hours and many load cycle tests 
up to 78 deg. cent, on the copper. The power factor is decreasing 
with time and compares favorably with the oil-filled cable. We 
are planning to increase the voltage to three times operating 
voltage in order to speed up the test. With our changing views 
on solid cable, it is possible that three-conductor, 66-kv. cable 
may be furnished in the near future. « 

We have found when studying the absorption of gases by oils 
that the more easily the oil is absorbed, the harder it is to extract 
the gas again. Carbon dioxide was very easily absorbed and 
hard to extract, whereas nitrogen would not be easily absorbed 
and very easy to extract. Air was intermediate between the 
two gases. 

The paper by Messrs. Atkinson and Simmons opens up a new 
field of study and application of the principles of electrostatics to 
cable joints and potheads. I believe that the condenser type of 
joint will be adopted for all high-voltage, single-conductor cables 
and also three-conductor for 33 kv. and over. The advantages 
of reduction in length, the making of the unit in the factory, the 
reduction in the time of making of a joint in the field and, there¬ 
fore, the time of exposure of the cable to the air are all important 
enough to consider for the future cable. 

The difference in the results obtained by the two oils A and B 
in the Whitehead, Hamburger paper indicates what we have all 
found, namely, that the oils during the last year or so have been 
far superior to previous oils and it is not possible to make a 
direct comparison of results because of the changes in the charac¬ 
teristics of the oils. 

The reduction in power factor which is shown in Fig. 7, Sec¬ 
tion 90-A has been found on some cables we have tested with 
current loading and overvoltage, our time extending over several 
hundred hours. 

The influence of the type of cable paper on the electrical char¬ 
acteristics of the combination of oil and paper is most important. 
We have tested many samples of paper with the same oil and 
obtained widely varying results. The effect of porosity (air 
density) is quite important. Also, the weight density, fiber 
formation and manner in which the paper was made, that is, the 
boiling of the pulp, washing, beating, and manner of calendering. 

The ideas advanced in the paper by Mr. Holmes would have 
possibilities if a large number of tests could be collected on the 
same cables to obtain the proper constants. However, each reel 
of cable manufactured is slightly different than all other reels and 
a group of cables of one manufacture will have different constants 
than cables of another manufacture. Considering the low number 
of high-voltage tests which are made on a given order (one short 
time test and one long time test, per 16,000 ft. of cable), there are 
not a great deal of test data to analyze. However, this should 
not deter us from trying to apply Mr. Holmes’ ideas to our 
laboratory test data. As his predictions are based on the ratio 
of sigma to Ea, or coefficient of variability, the smaller sigma 
becomes, the more nearly we can operate a cable to its average 
breakdown stress B a. To date, we have had quite a variation in 
sigma, due equally as much to end failures of the samples as 
variations of failures under the sheath, perhaps more so by end 
failures. It is true that higher and more uniform values of 
breakdown voltage are being obtained today, but further im¬ 
provement is desirable and aU of it cannot be obtained by im¬ 
provements in cable manufacture; improvement in test methods 
is necessary. 

Too much must not be expected from this method of predicting 
cable failures in service. Only about 20 to 25 per cent of all 
cable failures are chargeable as ^erent cable defects. There¬ 
fore, we are only guessing as to the possibility of some of these 
failures. Also, our predictions are based on laboratory voltage 
tests. Cable failures are caused from the effects of the current 
load cycles a cable is subjected to in service. As the cable goes 
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tlirough the temperature effects due to current loading, the com¬ 
pound migfrates due to the increase in its volume iuid pressure 
created. This movement can be both longitudinal and radial as 
the cable heats up. On cooling if the compound does not return 
to its original position in the cable, the uniformity of saturation 
is upset and we have the* beginnings of the deterioration of a 
cable. It may take years for it to develop in service to a con¬ 
dition which is serious. The time as to when the cable will fail 
cannot be predicted ahead as the influencing factors—^variation 
of current loading, suddenness of change and range of tempera¬ 
ture from cold to hot to cold—^vary from day to day. 

The best that can be obtained from these new ideas is that 
considering the laboratory teats only, the cable having a low value 
of coeffloient of variability may give a better account of itself 
than a cable having a high coeffloient of variability. Note, how¬ 
ever, that as the breakdown voltage goes up, a higher value of 
sigma for the same coefficients is permissible. Is this not a talk¬ 
ing point for the highest breakdown voltage possible? 

The law of probability appears to have been substantiated in 
this paper. The *writer recalls studying the effect of size of 
electrode area on the breakdown voltage of varnished cambric 
about fifteen years ago. Tests were made *with a single electrode 
and also with a large number of small electrodes to give the same 
area. In each case the same breakdown was obtained for the 
same total area. The law of probability did not apply. Instead 
it appeared that the effect of electrode area on the dielectric 
strength could be expressed as a function of the reciprocal of the 
square root of the radius of the electrode. 

G* Shanklin: I fully agree with Dr. Whitehead’s state¬ 
ment that a flat power factor—voltage characteristic is a very 
important criterion of cable quality. We have never accounted 
for the slightly rising characteristic in the test cable furnished 
Mr. Roper. Apparently, this particular cable is “the exception 
that proves the rule.“ 

Mr. E. G. Linder rightfully points out that the chemical 
changes that occur when ionization exists have a very important 
bearing on cable life. We do not fully agree with him, however, 
in concluding that knowledge of this effect is even more impor¬ 
tant than ways and means of removing initial impurities. Ioni¬ 
zation is merely a symptom or result of disease. Prevention of the 
disease (voids) is the correct treatment. 

Mr. Middleton wishes to know how segregation of lengths of 
oil-filled cable can be obtained without resorting to stop joints. 
This is accomplished by use of simple semistop joints as described 
in a separate publication, Gen, Elec, Review^ July, 1931. 

Although Mr. R. J. Wiseman seems to agree with us regarding 
the relative merits of oil-filled cable for 132-kv. service, he also 
feels that solid cable is, or can be made feasible for 132-kv. 
service by using amongst other things, a comparatively thin 
impregnating compound. We have had a good deal of experi¬ 
ence along these lines, and agree, as far as improvement in 
endurance quality of solid cable is concerned, but our research 
and experience have never indicated that this improvement will 
carry solid cable into the 132 kv. class. 

F. H* Biillers There are two points in the discussion by 
Messrs. Miller and Wollaston with which we are in whole-hearted 
agreement. First, the equations for the temperature transients 
and oil demand are decidedly cumbersome; and second, we are 
fully aware of the. fact that the principle of superposition applies 
to this problem. 

We cannot, however, accept the estimate of one week as the 
time required to obtain numerical results from our equations. 
Experience indicates that from one and one-half to two days are 
actually required. The most tedious part of the process is the 
evaluation of the root of equation (4), which feature is also essen¬ 
tial to Mr. Miller’s solution. 

We wish to point out that a complete theoretical solution is 
always the first and most necessary step in the handling of any 
problem, even though it may be cumbersome. After such a 


solution is developed, it gives an exact understanding of the 
problem, and furnishes a basis for further progress in the way 
of simplifications and short outs, the accuracy of which can be 
determined by comparison *with the complete solution. 

There are two methods of reaching a simplified short-cut 
solution of this particular problem. First, by the use of charts, 
as proposed by Messrs. Miller and Wollaston. Second, by the 
use of a mechanical model, as proposed and used by Emanueli. 
We are yet undecided as to which of these two methods will be 
adopted for future routine calculations. We would not be willing 
to adopt either of these approximate methods if the complete 
solution were not available as a final check and guide. A set 
of charts, such as Mr. MiUer proposed for the rapid evaluation of 
the roots of equation (4) would be very useful indeed. 

Since Messrs. Miller and Wollaston have drawn attention to 
the principle of superposition, it may be pointed out that it 
was used in deriving equation (2) for and that it can be 
used readily, in conjunction with our equations, to obtain the 
solution for loads varying in any manner whatever. 

It is, of course, unnecessary to solve equation (2) for An for 
each change of load. A simple multiplication is all that is 
required, so long as copper loss, sheath loss, and dielectric loss 
maintain a constant ratio. Even if these ratios are not constant, 
the labor of solution is only increased very slightly. 

One of the criticisms presented by Messrs. Miller and Wollas¬ 
ton concerns the manner in which the distribution of dielectric 
loss has been handled. In this connection, it would be well to 
note that one of the authors, working in collaboration with Mr. 
R. H. Park, to whom grateful acknowledgment is hereby made, 
developed a formula for An which takes into account with full 
precision almost any conceivable distribution of losses, dielectrio 
or otherwise. This formula is more complicated than the one 
which appears in the present paper. It is, however, available, 
and can be used to check the oil demand and temperature 
transients whenever such a check is warranted. For most 
practical cases, however, the more simple formulas presented in 
our paper hold with good accuracy. 

Messrs. Miller and Wollaston’s method of evaluating the A» 
coefficients is perfectly practical. It will give a close approxima¬ 
tion to the right answer providing that all the preceding theoreti¬ 
cal and numerical work has been correctly performed; but it is 
not self-checking. The solutions developed by the present 
writers mvolve the calculation of the coefficients without direct 
reference to the,, numerical values of the boundary condition 
mentioned by Messrs. Miller and Wollaston. When the coeffi¬ 
cients have been thus evaluated, the resultant expression will be 
found to check this boundary condition closely, providing a 
sufficient number of terms is used, unless some numerical error 
has been made. The method is thus self-checking. Usually, 
three terms will give a result close enough for all practical 
purposes, 

R. W. Atkinson s* W© have been very much gratified by the 
favorable reception of the condenser type joints and terminals. 
One or two points brought out may be developed a little further. 

Mr. Shanklin, agreeing with the correctness of the condenser 
principle as applied to high-voltage joints and terminals, points 
out that, in competition *with the non-condenser construction 
which has been proved by use, they must be shown by experience 
to be equal mechanically and electrically, and equal or lower in 
cost. This is, of course, entirely true, and considerable operating 
experience is now available to confirm very satisfactorily their 
mechanical and electrical reliability. It is beUeved that all of 
the expectations regarding these are well justified. 

It has been customary tp assume that a “feeder” joint (that is 
a joint at which the cable is connected to the oil supply) needs to 
be a “stop” joint, and this requirement has been the controlling 
factor in determining the number and location of. stop joints in 
single-conductor lines having comparatively level contour. 
With the earlier types of stop joint and hand-wrapped normal 



December 1931 


HOLMES: INSULATION VARIABILITY 


1459 


joints this was necessary, but the condenser construction lends 
itself readily to use as a non-stop, feeder joint. When so used 
the stop tubes may be eliminated entirely, resulting in a joint 
much simpler than the hand-wrapped type, and an actually 
lower installation cost. This feature, combined with the reduc¬ 
tion in manhole space required below that required by earlier 
designs of stop joint having comparable electrical strength, is of 
great importance in its effect on the overall cost of the installation. 

In his discussion Mr. John H. Palmer gives the formula which 
he has used in determining the contour of metal shields for cable 
terminals. 

In our paper the following formula is given for the determina^ 
tion of the slopes of electrodes in the cylindrical condenser joint: 

( 1 ) 


in which r is the radius of the conductor 

r' the radius over the conductor insulation 
the radius at a given point on the shield 
V the cable voltage 

and V the voltage at a point on surface of the conductor 

insulation radially below the given point on the 
shield. 

If the added insulating material were different than that in the 
cable and if we represent by Ki and K% the respective specific 
inductive capacities of the cable insulation and the joint insula¬ 
tion, the formula is as follows: 



The formula given by Mr. Palmer is mathematically identical 
with formula (2). 

Lack of space in our paper caused us to limit our discussion of 
the formula to its use for terminations of condenser plates in 
cylindrical condenser joints. However, we have recognized that 
the formula is equally applicable to shields for terminals and have 
employed it for that purpose. 

The above formula has the interesting property that the 
longitudinal stress along the surface of any cylinder concentric 
with the conductor is uniform. The value of this stress is 
different for each cylinder, increasing as the diameter of the 
cylinder increases, so that at the end of the shield the longitudinal 
stress may be considerably higher than at the beginning. We 
derived a formula for shields which gives uniform longitudinal 
stress along the shield. This formula is as follows: 



in which g is the longitudinal stress at any point on the shield 

I the distance from the edge of the sheath to the given 
point on the shield 
e the base of Naperian logarithms 
and the other symbols have the same significance as for (1) and 
( 2 ). 

In various applications we have found it of advantage to 
construct terminal shields in accordance with formula (3) rather 
than formula (2). The shields used by Whitehead and Ham¬ 
burger, for which they gave credit in their paper to one of the 
authors, were designed in accordance with formula (3). 

As was stated in our paper, the matter of using distributed 
capacity and shields so shaped as to relieve stress concentration 
has been given a great deal of thought by engineers throughout 
the world for some time. Various formulas have been derived 
by various people under certain assumed conditions. Under the 
same assumptions formulas derived by different engineers will, 


of course, be mathematically the same. For example, German 
Patent 383346 issued to the Pirelli Company in October 1923 
mentions a formula for terminal shields which is mathematically 
identical with formula (3) when Ki = 

The importance of such mathematical analysis, and the utiliza¬ 
tion of means of control of potential distribution, such as is 
offered by the condenser construction, is progressively enhanced 
as operating and test volt^es are still further increased. With 
earlier types of construction, the size and cost of joints and 
terminals bear an exponential relation to the electrical strength, 
so that at the highest operating voltages, any increase in voltage 
requires an enormously greater proportional increase m size. 
With the condenser construction, on the other hand, the neces¬ 
sary increase in dimensions is almost in direct proportion to the 
increase in electrical strength required. Whereas only a few 
years ago we seemed to have almost reached the economic limit 
in voltage for cable operation, the new developments which 
have here been discussed have again pushed the practical limit 
safely beyond the present demands. The remarkable operating 
record of 132-kv. oil-filled cables; the even more remarkable 
results of tests at high stresses; the actual making and testing of 
normal commercial lengths of cable adapted for operation at 
220 kv.: and the development of accessories and of joints and 
terminals of the type described,, make the use of cables at this 
voltage immediately practicable. 

M* C. Holmes: Referring to Mr. Atkinson’s discussion, it 
seemed obvious, but perhaps it should be stated explicitly, that 
the equations do not apply in the case of operating voltages 
higher than the mean breakdown voltage of the samples, so that 
arguments as to what they predict for operating voltages of 126 
per cent are meaningless as well as trivial. If Mr. Atkinson 
understands a long-time test to mean one of five-minutes dura¬ 
tion then he is justified in his criticism of the method of applica¬ 
tion. The author believes, however, that he has applied it in 
exactly the manner which Mr. Atkinson suggests. 

Mr. Shanklin discusses the limitation of the theory on the 
ground that few if any failures in modern cable are due to causes 
inherent in the insulation. Mr. Wiseman objects to it for the 
same reason but states that only 20 to 25 per cent of all cable 
failures are chargeable as inherent defects. As a matter of fact, 
neither view is entirely correct. The facts are easily ascertain¬ 
able. They are contained in the annual report for 1928 of the 
subcommittee on cable operation of the N.B.L.A. The results 
on the 10,000 miles of cable in the United States for the period 
1923 to 1928 show 33 to 45 per cent of all failures to be attrib¬ 
utable to “Inherent or Unknown’* causes, and for the same 
period, 25 to 31 per cent “known to be due to causes inherent 
in the insulation.** 

In considering the applicability of the laws of probability t|o 
such problems as the present one it should be emphasized that 
while we cannot predict with any degree of certainty the results 
of a single test on a piece of cable, we can predict with certainty 
and exactness what will happen “in the long run** or “in the 
aggregate.** The quantities dealt with in this paper should be 
considered from the same viewpoint. The laws of probability 
apply in the case of the chaotic motions of molecules, in determin¬ 
ing gaseous pressures, as well as for the life insurance companies 
in predicting the behavior of aggregates of such variable units as 
human individuals. The subject is an extremely practical one 
as may be seen from a consideration of the many different fields 
in which it has been successfully apphed. 

Mr. Wiseman speaks of experiments made to determine the 
effect of electrode area on breakdown voltage and concludes that 
the law of probability did not apply. The author would be 
interested to know which one of the laws of probability did not 
apply, and by what chain of reasoning the conclusion was arrived 
at. It should also be obvious that end failures of samples and 
failures in pot-heads should not enter into the calculation of 
sigma. 
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In conclusion, it is felt that the main objectives of the paper 
should be restated. They are two-fold; first, to provide a 
measuring stick for gaging the hitherto vaguely expressed term, 
variability; and second, to show quantitatively, the part played 
by the variability in determining breakdown voltages. 

D* W. Roper: It is very gratifying to have Mr. Shanklin’s 
confirmation of my economic data on cable with the two types of 
insulation. Mr. Shanklin’s comparison of the relative future 
prospect of the two types, however, assumes that no reduction 
will be made in the cost of cable with the ordinary type of insu¬ 
lation. If such is the ease, the progress and experience abroad 
indicates that it will be because the American manufacturers 
have lost interest in the improvement in insulation of the ordi- 
nary type. In Chicago there have been only seven failures in 238 
miles of 66-kv. cable that was shipped 1927-1930, inclusive, and 
in each case careful examination subsequent to failime indicated 
that the cause of the trouble was due to a local deficiency in 
impregnation. While such deficiencies might have been elim¬ 
inated by a longer time of impregnation, it is also pointed out 
that the elimination of such locally deficient spots is facilitated 
by the use of thinner insulation. In considering reductions in 
tMckness of insulation, it is suggested that the manufacturers 
might very profitably give more careful consideration to the 
actual causes of the failures which have occurred with the present 
thicknesses. 

In paragraph (a) of his discussion, Mr. Shanklin claims a 
reduction in thickness of oil-filLed insulation for 66-kv. cable from 
0.40 and 0.42 inch to 0.36 and 0.375 inch. In considering this 
claim, it should be noted that the thickness of oil-filled insulation 
on the cable installed a year or two ago by the Central Electricity 
Board in England was 0.356 inch. 

Mr. Shanklin lays great stress on the reduction in the factor of 
safety which results from a reduction in the thickness of either 
type of insulation. It is not the percentage reduction in factor 
of safety that is Important, but rather the factor of safety of the 
reduced insulation. All of our information indicates a high 
factor of safety with the reduced thicknesses of insulation which 
have been advocated and with the high quality of insulation now 
obtainable. 

Referring to Mr. Shanklin’s comparison of the two types of 
insulation for various operating voltages, apparently the best 
reply is to reiterate a paragraph from the paper, as follows: 

*‘Whether the oil-fiUed type will displace the ordinary type of 
66 kv. and lower voltages or the ordinary type compete with the 
oil-filled type at 132 lev. depends on the relative rates of improve¬ 
ment in the two types of insulation with unrestricted competi¬ 
tion.*’ 

Mr. Shanklin’s concluding paragraph hardly gives the Ameri¬ 
can manufacturers due credit. N.E.L.A. records show that all 
high-voltage cable made in the past three years averages well 
below two insulation failures per 100 miles per year. 


Mr. Del Mar is in error in stating that my paper shows that 
66-kv. sii^le-conductor, oil-filled cables can now compete with 
cables of the ordinary type between 40,000 and 115,000 kva. 
He seems to have drawn his conclusions from Fig. 8 of the paper, 
but this includes only the cost of the cable installed in the con¬ 
duit, without conduit, joints or accessories. Fig. 12, however, 
shows that the annual charges for 66-kv. cables of the ordinary 
type are below those of the oil-filled cable for the entire range 
mentioned by Mr. Del Mar. 

Mr. Del Mar also intimates that my recommendations for 
reduced thickness of insulation were obtained from “laboratory- 
made samples and from factory-made lengths' of outstanding 
merit.” If the results of the tests on the few laboratory-made 
samples were entirely neglected, the conclusion would not bo 
altered. I cannot object to Mr. Del Mar’s statement that the 
factory lengths tested were of outstanding merit, but I will add 
that the lengths tested were sufficient in number to insure that 
they were typical and representative of entire shipments on 
commercial orders, and the conclusions from these tests have 
been confirmed by a perfect operating record of the same ship¬ 
ments, which now amounts to over 400 mile-years, without any 
insulation failures. As. this cable has withstood not only heavy 
continuous loads, but also variable loads without appreciable 
deterioration, this record appears to be a sufficient answer to 
Mr. Burd’s comment at the end of the first paragraph of his 
discussion. 

In reply to Dr. Whitehead’s question, it does not appear proper 
to allow an increased credit to the oil-filled type of insulation 
because of its lack of deterioration, as it appears perfectly possible 
to secure at the present time the ordinary type of insulation that 
will not deteriorate in service. 

Dr. Whitehead’s comments on the gradual rising of power- 
factor-voltage characteristic of the oil-filled cables with reduced 
insulation are very interesting. Theoretical considerations 
indicate that a horizontal characteristic within the operating 
range would be advantageous, but if a cable that initially has a 
slightly increasing characteristic will acquire a horizontal char¬ 
acteristic under operating conditions in about one year’s time, 
it is questionable if the added expense of obtaining an initially 
horizontal characteristic is warranted. 

It is interesting to note Dr. Wiseman’s prediction that better 
results can be obtained with the ordinary type of insulation by 
using a more fiuid oil for the impregnating compound. This is 
in accordance with my suggestions in meetings with the cable 
maiitifaeturers for many years. It is also interesting to note that 
he hopes to be able to produce a successful 132-kv. cable with 
solid type of insulation. This would be quite within the pre¬ 
diction in my paper. With reference to his prediction regarding 
three-conductor 66-kv. cable, it may be noted that three-con¬ 
ductor 60-kv. “solid” type cable has been in operation in Paris 
for a few years. 
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Synopsis • This 'paper presents the results of a study made that the maximum allowable rale of rise of voltage across the arc space 
with shorty stationary a-c, arcs between metallic electrodes , in order which will just permit arc extinction is much greater for very short 
to d^rmine the effect of arc length, electrode material, and current arcs (1 cm. or less) than for longer arcs, (S) that the critical rate of 
magnitu^ on the rate of recovery of dielectric strength of the arc space rise of voltage depends largely on the electrode material used and 
following a current zero. tends to vary as a decreasing linear function of the boiling point, and 

The experimental results show {!) that the arc space recovers the (4) that the higher current arcs have a much lower critical rale of rise 
ahility to withstand a hundred volts or more within a few micro- of voltage than the lower current arcs, 
seconds after a current zero, as predicted by Slepian’s theory, (2) * » * * » 


I—Introduction 

HE extinction of an a-c. are, which normally occurs 
at a current zero, has been shown* to depend upon 
the outcome of “a kind of race” between iwo 
opposing processes taking place within a very short 
period embracing the moment of zero current. The 
first is the building up of voltage across the arc space 
tending to cause the arc to reignite, and the second is 
the diminishing of the conductivity of the arc space, or 
the increasing of its dielectric strength, tending to 
prevent the arc from restriking. The first depends on 
the constants of the circuit and so can theoretically be 
calculated. In practise, it may be approximately deter¬ 
mined if the circuit involved is sufficiently simple. The 
second process, with which this paper will deal, depends 
on the characteristics of the arc itself, which are exceed¬ 
ingly complex and as yet tmderstood to only a very 
limited extent. 

II—Short Arcs in Electrical Engineering 

Short arcs are employed in all circuit interrupters, 
such as knife switches, snap switches, and fuses, operat¬ 
ing in a-c. circuits of less than 160 volts. They may 
also occur as the result of faults in low-voltage circuits 
and machinay, and in this connection are of very great 
importance in the case of the modem secondary net¬ 
work used for distribution of low-voltage power in 
congested city districts. Here the working voltage is 
limited by the necessity for self-extinction of arcs 
following “burning clear” of faults, without interrapting 
the power supply. The extinction characteristics of 
short a-c. arcs are also made use of in the deion air 
circuit breaker, where a large number of short ares is 
placed in series for operation at higher voltages.* 

Ill—R eview op Theory op Extinction op Short 
A-C. Arcs 

According to the modem theory of conduction in 
gases, the rapid recovery of dielectric strength by an arc 

♦Research Laboratories, Westinghouse Electric & Mfg, Co., 
East Pittsburgh, Pa. 

1. Extinction of an A-C. Arc, J. Slepian, Tkans. A. I. E. E., 
47,1928, page 1398. 

2. Theory of the Deion Circuit Breaker, J. Slepian, Trans. 
A. I. E. E., 48,1929, page 623. 

Presented at the Summer Convention of the A, I, E, E., Asheville, 
N. C„ June 22-26,1931, 


space immediately following a current zero must be due 
to the disappearance of the ions which are required for 
conduction of the arc current. These ions are lost from 
an arc space in air at atmospheric pressure in three 
principal ways: first, by recombination of positive and 
negative ions throughout the space; second, by diffusion 
from the space to the electrode surfaces and into the 
surrounding cooler air; and third, by formation of an 
almost completely deionized layer adjacent to the 
cathode by the action upon the ions of the growing 
impressed electric field. 

Simplified calculations made by Slepian,* assuming 
ions to be lost from the arc space only by direct ion 
recombination, predicted a manner of recovery of 
dielectric strength substantially the same as that ac¬ 
tually revealed by experiments made on cold-electrode 
arcs. These experiments were made by controlling the 
rate of recovery of voltage across the arc space following 
a current zero by shunting the arc with resistance. The 
maximum allowable rate of rise of voltage was deter¬ 
mined frorn the maximum value of shunting resistance 
at which the arc would just be extinguished after one 
half cycle. It seemed desirable to repeat these experi¬ 
ments on the more common type of stationary ares with 
molten electrodes such as occur in electrical en^neer- 
ing, and to determine the influence upon the arc charac¬ 
teristics of such parameters as electrode material, 
current strength, and arc length. 

IV—Experimental Results 

In general, the manner of dielectric recovery following 
a current zero, of short, stationary a-c. arcs with molten 
electrodes, was found to conform to the predictions of 
Slepian’s theory and to be similar to the recovery of 
rapidly moving cold-electrode arcs previously investi¬ 
gated. That is, for electrodes whose boiling tempera¬ 
tures are below that required for appreciable thermionic 
einission, the ability to withstand a hundred volts or 
more was recovered within a few microseconds after a 
current zero, and further dielectric strength was 
regained at a very much lower rate. This is shown by 
the curves of Fig. 1 which are noticeably similar to the 
curve first obtained and published by Slepian’ of 
dielectric recovery with time of the cold-electrode are. 

3. Extinction of a Long A-C. Arc, J. Slepian, Journal 
A. I. E. E., April 1930, pa^e 310. 
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As predicted, the initial very rapidly recovered 
dielectric strong was found to depend solely on the 
electrode material and gas medium, and not at all on 
any other conditions within the limits investigated. 
The further more slowly recovered dielectric strength 
iid not, however, prove to be independent of such 
conditions as arc length and current magnitude, as 
31epian^s approximate theory predicts that it should. 


CURVES SHOWING RECOVERY OF DI¬ 
ELECTRIC STRENGTH OF ARC SPACE 
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This siinply indicates, as expected, that factors neg¬ 
lected in the simplified theory, such as diffusion of ions 
to the electrodes and to the surrounding air, the elec¬ 
tric field, and temperature variations, are not actually 
ne^igible. 

IVa—^Effect op Aec Length 
The effect of length of the arc on recovered dielectric 
strength was found to depend on the dectrode material 
used. In the first series of tests made with brass dec- 
trodes, the effect of arc length was very striking and at 
first right seemed paradoxical. As shown in Fig. 1, 
the didectric recovery of a 0.158-cm. arc was con¬ 
siderably more rapid than the recovery of an arc of 
twice that length under otherwise similar conditions. 
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indicating that the shorter arc is easier to extinguish 
than the longer. This effect is shown in a still more 
striking manner by plotting the initial slopes of critical 
applied voltage curves, like those shown dotted in Jig. 1, 
against arc length, as in Fig. 2. This shows that the 
effect extends up to five cm. or more, but is most pro¬ 
nounced at lengths of less than one cm. A similar but 


still more pronounced effect was observed with metals 
of lower boiling point than that of brass. With elec¬ 
trodes of the higher boiling metals, however, such as 
copper, iron, and tungsten, the effect was very much 
lopfi and reversed its direction at the shorter lengths. 
This is illustrated by Fig. 3, which is the curve of Fig. 2 
for biass, redrawn to a different scale and compared with 
similar curves for mercury, zinc, copper, iron, and 
tungsten-dectrode arcs. The curves for copper and 
iron are seen to coincide practically with that for brass 
near five mm. and above and to exhibit the same falling 
characteristic above about four mm.; but below this 
length, instead of rising rapidly with diminishing length 
as with the lower boiling metals, they fall off again; the 
curve for iron rapidly approaching zero and the curve 
for copper falling and then apparently taiding again to 
turn upward at the shortest len^hs investigated. 
With the very refractory metal tungsten, the curva is 
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much lower even than with copper and iron, but still 
appears to reach a maximum at some arc length less 
than one centimeter and to fall off with incmaring 
Imigth above that. 

IVb—Effect of EIiBCTrodb Material 
As already shown, the behavior of a short a-c. arc 
depends very largely on the material of the electrodes. 
Fig. 4 shows the results of a series of experiments on 
300-ampere, 60-cycle, 450-volt arcs, 0.079-cm., 0.158- 
cm., and 0.316-cm. long, using various metallic elements 
as dectrodes. The critical initial rate of rise of voltage 
as measured by the critical shunting resistance for arc 
extinction is plotted in each case against the boiling 
point of the element. The interesting and surprising 
feature of this graph is the definite tendency for the 
po^ts at each arc length to fall on intersecting straight 
lines. This approximately linear manna* of variation 
with boiling point applies to all the metals for which 
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results were obtained except mercury, which has values 
at about twice those required to fit the straight lines, 
and magnesium, aluminum, manganese, molybdenum, 
and tungsten (not shown), which either form stable 
refractory oxides or themselves boil at high enough 
temperatures for copious thermionic emission, thus 
preventing the immediate recovery of dielectric strength 
which characterizes the non-refractory metal arcs. 

In Fig. 5, the performance of aluminum, copper, and 
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brass-electrode arcs is shown comparativdy in the form 
of curves of critical initial rate of rise of rereste.blished 
voltage plotted against the effective circuit voltage at 
which the values were obtained, other conditions th^n 
voltage remaining the same. Remembering that the 
ordinates of any one of these curves may be considered 
as a measure of the speed with which the arc space 
regains the ability to withstand voltages equal to the 
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maxima of sine waves having the effective values given 
by the abscissas, it may be seen that 0.168-cm. arcs with 
aluminum dectrodes require a very much longer time to 
recover ability to withstand a given voltage than do 
arcs of similar length, betwe^ coiip'er electrodes, and 
that 0.158-cm. copper-electrode arcs in turn recover 
dielectric strength very much ipore slowly, than do 
0.168-cm. brass-electrode arcs, other conditions bring 


equal. The rapid rise of all of these curves at the Iowct 
voltages is attributed to the approach of the 
voltage values to the minimum dielectric strength of 
the cathode space charge sheath, which is recovOTed in 
practically zero time. This initially-recovered dielec¬ 
tric strength is approximately 160 volts (maximum) 
for both copper and aluminum arcs, but is nearly 230 
volts for brass-electrode arcs. Because of the scale 
used, the upper portions of the curves for copper and 
brass are not shown in this figure. 

rvo—E ffect of Current Magnitude 
The simplified theory, already referred to, pretficted 
that the dirieetric recovery of a short arc space should 
also be independent of magnitude of the arc current, 
but tl^ prediction depended on the assumption that 
ionic diffusion to the surrounding air is negligible, which 
can be true only if the diameter of the arc is large in 
proportion to ite length. Even for arcs only 0.168 cm. 
long, this condition is approached only at currents of 
more than a thousand amperes or so; therefore inde¬ 
pendence of current magnitude may be expected only 
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with currents of this order. Fig. 6 shows this to be the 
case for a 0.158-cm. copper arc atc460 volts; eurreht, 
variations produce little change in the rate of diririJtric 
recovery above 1,500 amperes, but below this value, 
decreasing the current causes a rapid increase in speed 
of dielectric recovery. Below about 160 amperes, the. 
behavior of the arc becomes increaangly erratic so 
that definitely consistent values of a critical initial 
d e/d t were very difficult or quite impossible to deter¬ 
mine. Tests made by F. C. Todd^ with the cathode-ray 
oscilloscope show that the restrildng voltage of continue 
ally restriking arcs is extremely variable whenthecurrent 
is as low as 90 amperes. 

V— ^Afplication to Engineering Practisb 

In view of the . results here presented, some sug- 
geriions may be made with regard to the construction of 
low-voltage circuib-interrupting apparatus or of circuits 
where, extinction of low-voltage a-c. arcs resulting from 

4. "Restrildng of Short A-0. Ares,” F. C. Todd and T. B. 
Browne, Jr., Phys. Rev., pages 732-737, Vol. 36, Aiig. 16,1930. 












1464 


BROWNE: EXTINCTION OF SHORT A-C. ARCS 


Transaotions A. I. E. B. 


faults is important. Because of the marked superiority 
of short brass-electrode over short copper-electrode arcs 
with r^ard to speed of recovery of dielectric strength 
at current zero, it would seem advisable to use brass for 
the contact breaking parts of low-voltage switches work¬ 
ing near thrar limit. Even where final dependence is 
placed on drawing out to suffident length to insure 
extinction of the arc, use of brass might conceivably 
result in quicker opening of tiie circuit with less resulting 
fiame and burning of the contacts than when copper is 
used. Similarly, aluminum is evidently inferior to 
copper as a contact breaking material, from the stand¬ 
point of extinguidiing the arc while it is stiH short. 

Since, as already mentioned, the problem of extin¬ 
guishing short a-c. arcs is of particular importance in the 
operation of secondary distribution networks, the above 
suggestions in regard to use of brass, copper, and alumi¬ 
num may se^ to apply with even more force here than 
they do to switch construction. Thus the possibility 
is suggested that the permisable operating voltage of 
secondary networks might be raised if brass conductors 
wtae used instead of copper conductors. Again, use of 
aluminum as conductor material in place of copper 
would seem inadvisable from the standpoint of arc 
extinction. These results, however, must be inter¬ 
preted with caution when applying them to a problem 
such as this having such varied practical aspects. In 
regard to the possible choice between brass and copper 
as conducting materials where they would also act as 
dectrodes in case of arcing faxdts between conductors, it 
should be noted in Fig. 3 that the difference in favor of 
brass applies only when the length of the arc is less 
than five millimeters. Consequently, if the arc should 
be commonly longer than this, brass probably would be 
no more effective than copper in aiding its extinction. 
Sufficient data for a similar curve for the aluminum 
arc have not yet been obtained, but it can be predicted 
with reasonable certainty that the inferiority of alu¬ 
minum to copi)er will be at least greatly reduced at arc 
lengths of a centimeter or more. 

It may be noticed, also, that there is a discrepancy 
between practical experience with faults in secondary 
networks and the results given here, in that faults are 
conomonly cleared on networks at as high as 230 volts 
(r. m. s.) whOTeas in the laboratory high-current copper- 
dectrode arcs 0.158 cm. long could be easily maintained 
at as low as 113 volts. This may be due to less severe 
circuit conditions in the case of the practical network 
caused by a fairly high power factor on short circuit 
and the presence of distributed capadtance of the 
cables and of shunting resistance in the form of con¬ 
nected lighting load, aU of which tend to decrease the 
rate of recovery of voltage across the arc space at a 
current zero and so allow time for deionization of the 
arc and recovery of dielectric strength. Probably of 
more importance, however, is the deionizing action of 
gases resulting from burning of the cable insulation, the 
action of which is dmilar to that of gases from the 
decompodng oil in an oil chcuit breaker.* 


Before closing, mention must be made of the fact 
that some of the prindples described in this paper have 
been known in a general way for a long time, and more¬ 
over, have been applied to commercially successful 
device. The writer refers to the lightning arresters 
developed by Mr. A. J. Wurts and described by him as 
long ago as 1892.® In this remarkable paper the author 
states, “The smaller the air gap (with zinc, brass and 
antimony electrodes) the less the tendency there is to 
ma.iTit.a.in an arc when using an alternating current at 
1,000 volts pressure.’* And also, Mr. Wurts experi¬ 
mentally determined a list of so-called “non-arcing” 
metals in which zinc, cadnaium and zinc-brass top the 
list. It is to be regretted that modem testing equip¬ 
ment was not available to this genius. 
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Discussion 

D. C. Prtocej It is rather surprising that Mr. Browne’s 
paper and other previous papers to which it refers should ignore 
some very prominent are characteristics which cannot help but 
be an important factor in circuit interruption. No mention has 
been made of the rectifying effect of arcs in general and especially 
metal vapor arcs. 

When an arc is drawn between metal electrodes, the mechanism 
of conducting the current is considered to be substantially as 
follows: 

Electrons proceed from the negative electrode striking, after a 
short distance, neutral vapor or gas molecules which are ionized. 
The resultant electrons are added to the electrons initially 
emitted and progress toward the positive electrode or anode. 
The positively charged molecules or positive ions formed by the 
collision are drawn back toward the negative electrode where 
they form a positive ion space charge film, which results in a high 
potential gradient at the surface of the negative electrode. The 
positive ions falling into the negative electrode heat it to the 
boiling point. If the metal is low melting material such as 
copper, brass, etc., the boiling point is not accompanied by a 
sufdcient temperature to emit considerable numbers of electrons 
thermionically. The emission on the contrary takes place by 
what has been termed cold cathode effect, i. e., electrons are 
drawn from substantially cold (in the emission sense) metal 
because of the high potential gradient set up by the positive ion 
space charge. If the .current is momentarily interrupted, the 
distribution of ionization will, of course, not remain the same. 
The cathode spot, as the area is known from which the electrons 
are emitted, immediately ceases to exist and the high potential 
gradient produced by the positive ions falls off rapidly. There¬ 
fore, if the arc is to continue, the impressed voltage in the same 
direction must be somewhat higher than the voltage across the 
arc whfle it was being maintained. These considerations would 
lead one to expect that the voltage required to reestablish an arc 
in the same direction would increase more or less continuously 
with time from the voltage required to maintain the arc. 

On the other hsmd, if the test procedure involves the use of 
current, the condition after a current zero is that a 
cathode spot must be formed on the opposite electrode to that 
on which it was prior to current zero. Immediately after the 

5. “Lightning Arresters,” A. J. Wturts, Trans. A. !• E* E* 
Vol. 9, 1892, page 102. 
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current zero, the distribution of cnarges is substantially identical 
with that immediately before the current zero. There is thus no 
high potential gradient present at the surface of the new cathode, 
and therefore an impressed potential different from and greater 
than the drop in the arc preceding the current zero must be pro¬ 
vided if an arc is to start. This arc is really a new arc and not a 
continuation of the old arc. It flows in the other direction. It 
has a cathode spot located on an electrode where there was none 
before and its starting is only facilitated by the fact that there 
are ions present which can be rearranged so as to produce a high 
potential gradient close to the surface. This condition, which 
has received a great deal of study over a number of years, is 
essentially the same as that which exists in rectifiers. 

In the case of high melting material, such as tungsten, etc., the 
positive ion bombardment of the cathode tends to bring the 
latter up to the emission point where it may remain for a con¬ 
siderable time due to heat stored in the metal. The electron 
bombardment of the anode or positive electrode will heat the 
latter also up to the emission point so that the rectifying effect 
is very largely absent. 

These considerations should tend to explain the marked 
difference in behavior of low and high melting materials noted 
by Mr. Browne. The arc phenomena are naturally made up of 
two parts, those due to the electrodes of which the cathode is 
predominant, and those due to the arc stream itself. In short 
arcs, such as those under consideration, the arc stream deionizar- 
tion effects which have been discussed at such length tend to 
become secondary. The cathode spot phenomena assume a 
predominant role in explaining the behavior of short a-c. arcs. 

T. E. Browne, Jr-: The reference made by Mr. Prince to 
the so-called “rectifying effect** of a short metal vapor arc as a 
factor better able to explain the observed short-arc extinction 
phenomena than existing theory^ jg rather puzzling. It is true 
undoubtedly that the metal vapor rectifier is essentially a 

1. Exiinciion of an A-C. Arc, J. Slepian, Trans. A.I.E.E., V. 47, 
p. 1398 (1928). 

2. “Restriking of Short A-O. Arcs,” F. C. Todd and T. B. Browne, Jr.. 
Phys. Reo., V. 36. pp. 732-7, (1930). 


circuit-interrupting arc device and therefore that the same 
general theory of electrio conduction in gases applies to it as to 
ordinary a-e. arc devices, but, since the rectifier is a more com¬ 
plex and highly specialized piece of apparatus, it would seem to 
be more natural to use analogies based on the older and simpler 
devices in describing rectifier phenomena rather than to reverse 
the process. Also, the rectifier approach of Mr. Prince may be 
actually misleading, since it would seem to suggest that the 
reignition of an a-c. are in the reverse direction after a current 
zero should be essentially different from reignition in the same 
direction, and therefore require a different minimum voltage. 
However, the results of experiments conducted by Attwood, 
Dow, and Elrausniok,^ using a cathode-ray oscillograph, indicate 
that no such condition exists in the case of short arcs between 
similar electrodes symmetrically placed. 

The importance of thermionic emission from refractory elec¬ 
trode materials, mentioned by Mr. Prince, has been pointed out 
in a previous paper,* but the large effect of electrode boiling 
point in the case of the low-boiling metals, as illustrated by 
Figs. 3, 4, and 5 of the paper, probably cannot be explained on 
this basis. Although the phenomena that determine the ex¬ 
tinction or reignition of a short a-c. are at current zero do occur, 
as is generally recognized, at or immediately adjacent to the 
electrode surfaces, they still take place in the gaseous are space 
and so must, in general, depend very largely upon the magnitude 
and rate of change of ionization density in this region. When 
thermionic emission is lacking, then, the principal influence of 
the electrode material upon short-arc reignition must be through 
the medium of its vapor, of which the gas adjacent to the elec¬ 
trodes is mainly composed. The Langmuir high-flold theory 
(or “cold cathode effect**) obviously cannot be applied to the 
process of arc reignition after an appreciable current zero 
period, since it depends essentially upon the existence of a high 
current density at the cathode, inasmuch as high current density 
is essential to the maintenance of the required space charge. 

3. Reignition of Metallic A-C. Arcs in Air, S. S. Attwood, W. O. Dow, 
and W. Krausnick, Tbanb. A.I.E.E., Yol. 60. September 1931. p. 854. 
(Figs. 15 and 16.) 
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Synopsis. *4 eircuii is described whereby a corona tube may ' Performance curves are given for afive-kva. generator whose voUage 
be used to regulate the outpul of a fidUwaee rectifier and therefore is controlled by such a regulator, 
to control the excitation of a generator to give constant voUage. * • » ♦ * 


A VOLT AGE regulator consists essentially of a 
constant element; an element which varies with 
the voltage and which is balanced against the 
constant element; and an arrangement for using this 
balance to control the excitation of the machine whose 
voltage is to be regulated. 

In the familiar vibrating contact regulator the mod¬ 
ulus of elasticity of a spring is the constant element. 
Acting against the spring is the pull of a solenoid 
which is dependent upon the voltage. The forces 
due to the solenoid and the spring act on a plunger 
which operates a contact by which resistance is put 
into or taken out of the generator field circuit, thereby 
regulating the generator voltage.’- 
The most serious disadvantages of the vibrating con¬ 
tact regulator are: 

1. Wear and sticking of the contacts. 

2. Periodic fluctuations of the voltage with opening 
and closing of the contacts. 

3. Slow response of the regulator to fluctuations of 
the voltage, due chiefly to the time lag of the field 
circuits of the exciter and the generator. 

Recently a number of new tjrpes of regulators has 
been devised. Almost any phenomenon which varies 
with voltage may be made the basis of a voltage regu¬ 
lator, such as the sattiration of an iron core reactor, 
the resistance of a conductor heated by the voltage, or 
the internal resistance of a thermionic tube whose 
filament is heated by the voltage.® * The regulator 
described below employs the critical voltage of a corona 
tube as the basic phenomenon. 

The corona discharge tube employed consists of 
two symmetrical electrodes sealed into a glass tube 
containing an inert gas at a suitable pressime. Due to 
the fact that the tube contains a definite quantity of 
gas constrained to a fixed volume, the mean free path 
ofj an ion and therefore the corona voltage are practi¬ 
cably independent of the temperature. Since ioniza¬ 
tion builds up very quickly at a voltage above the 
critical value, the breakdown voltage is also independent 
of the frequency for frequencies within the commercial 
range. With the electrodes surrounded by an inert gas 
such as argon there is negligible disintegration of the 

*N. J. Bell Telephone Company. 

fABSoeiate Prof. Elec. Bngg., Princeton University. Tem- 
poiarilywith G. E. Research Lab., Schenectady, N. Y. 

1. Eor references see Bibliography. 
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electrodes during discharge; the breakdown voltage of 
the tube is constant and the life very long. 

These characteristics of the corona discharge tube 
make its critical voltage suitable for the constant 
element in a regulator. The fact that it regulates to a 
constant peak voltage rather than a constant effective 
voltage is not a serious disadvantage, for the variation 
of wave form with load is not appreciable and there 
will therefore be a constant form factor. 

In order to control the excitation of a generator 
we may use the charge passing through the corona 
tube above the corona voltage to bias the grid of a 



Pig. 1—(Upper) Elementary Grid Bias Circuit 
Pig. 2—(Lower) Relation op Anode Voltage to Grid 

Voltage 


rectifjdng tube and thereby regulate the amount of 
rectified current which will be supplied to the gen^tor 
field.^ Any type of rectifying tube may be used. 
However the high efficiency and large amplification 
factor of a gaseous tube, such as the thyxatron, make 
this type of tube very desirable. 

Referring to Fig. 1, A is a thyratron with a negative 
grid characteristic, and it therefore normally conducts 
current intp the field of the generator during the half 
wave when the anode voltage is positive as shown in 
Fig. 2a. 
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During the half wave when the anode voltage is 
negative the condenser C will be charged as shown in 
Fig. 1, provided the circuit is connected with the proper 
polarity and provided the voltage rises above the 
critical value for the corona tube. During the first 
part of the next positive half wave the thyratron can¬ 
not conduct current because the grid is negative (see 
Fig. 2b). However the grid bias will be reversed by 
the corona tube at the peak of the voltage wave, and 



Fig. 3—Relation op Anode Voltage to Grid Voltage 
Using a Grid Leak 

the thyratron will conduct current during the latter 
half of the positive voltage wave as shown by the cross- 
hatched area. In this way the average value of the 
rectified current will be reduced to one-half the full 
half wave or maximum value when the voltage is above 
the breakdown value for the corona tube. 

If a voltage is impressed on the corona tube which 
lags in phase behind the rectifier voltage, the average 
current may be reduced to less than 50 per cent of its 



Fig. 4—Corona Tvbe Voltage Regulator Circuit 

maximiun value becatise the grid bias will then be 
reversed after the peak of the voltage wave. When the 
corona tube is supplied from a voltage 60 degrees behind 
the rectifier voltage as in a three-phase machine, the 
corona tube will reduce the average cmrent to 7 per cent 
of the maximum value. 

The circuit as described above will vary the excita¬ 
tion by definite steps and will give fluctuations in the 


excitation just as are produced by opening and closing 
the contacts of a vibrating regulator. However if 
a leak is placed across the grid biasing condenser of 
a value such that the time constant C J2 of this con¬ 
denser and leak is about equal to the period of one- 
half wave, then the grid condenser voltage may be 



Pig. 5—Operation Regulator with Variable Load 


reduced by leakage to a value where the thjnratron will 
start. The time it will take to reduce the grid voltage 
to the starting value will depend on the initial charge of 
the grid condenser, and this is determined by the excess 
of the voltage above the critical voltage of the corona 
tube. Therefore the time of starting for the thyralron 
rectifier in any half wave will be delayed by an amormt 
which is determined by the excess of the voltage above 
the breakdown voltage of the corona tube (see Fig. 3). 
A small rise in total voltage above the critical value will 



Pig. 6—Opiseation op the BBauLATOE with Variable 
Pebqijbnct 

serve to reduce the rectified cxurent to about 7 pw 
cent of its maximum value. However this change is 
continuous. 

Fig. 4 shows the circuit used for controlling a full 
wave rectifier by means of a corona tube. It was 
found quite difficult to make corona tubes so symmetri- 
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cal that they would break down at the same voltage 
on the positive and negative half waves. However by 
adding the condenser C 4 shown in Fig. 4 it is possible to 
eliminate any unidirectional components of current and 
cause the corona tube to have the same positive and 
negative critical values. 

In the regulator used for the results given below, 
the thyratrons ware too small to rectify the entire 
field cmrent and their output was \ised for the field of 
an exciter. 

In this case a further difficulty arose in the time 
lag of the exciter and alternator fields in responding to 
a change in the rectifier output. This caused oscil¬ 
lations of the generator voltage of about the period 
of the time constant of the field circuit. It was found 



Fra. 7—(1) Load Curkent 

(2) AiiTernatob Voltage 

(3) Regulator Output 


possible to suppress these oscillations by introducing 
into the corona tube circuit a transient of about the 
same period as the oscillations. This transient is 
introduced by a condenser with a leak as shown at 
Ci and Rz of Fig. 4, such that Cz Rz, the time constant, 
is about equal to L/R, the time constant of the slowest 
field circuit. 

The constants of the regulator circuit as used are 
shown in Fig. 4. The critical voltage of a corona tube 
with given dimensions and gas pressure may be pre¬ 
dicted from the data giving the corona voltage of the gas 
to be used.® The tube as used contained argon at a 
pressure of two centimeters of mercury. The elec¬ 


trodes were parallel wires 0.26 mm. in diameter and 
, separated 1 cm. The critical voltage of this tube was 
approximately 350 volts peak value. 

The results shown in the curves of Figs. 5 and 6 were 
taken on a 5-kva. three-phase motor-driven alterna¬ 
tor excited from a 110-volt motor-driven exciter. In the 
curves of Fig. 5 are shown the effects of load variation 
while Fig. 6 shows the regulation when the speed 
of the driving motor is varied. The oscillograms shown 
in Fig. 7 shows the transient conditions when full load 
was suddenly thrown on the generator. 

This t 3 ^ of regulator would employ the same 
methods of compotmding and line drop compensation 
now in use. It is believed that the simplicity, com¬ 
pactness, high sensitivity, and quick response of this 
regulator offer advantages over the other types. 
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Discussion 

W. B. Kouwenhovent The authors of this paper have pre¬ 
sented in condensed fashion a description of a voltage regulator 
that is apparently quite simple .and at the same time possesses 
no moving parts. In our work on dielectrics at Johns Hopkins 
University the accurate control of frequency is essential. I 
should like to ask the authors if it is possible to apply their 
system to the control of frequency. I should also like, to have 
them give a complete diagram of the circuits involved, assuming 
that the source of supply is a 115-volt jms. generator driven by 
a 230-volt d-c. motor. It would be of interest to know how 
closely the frequency may be controlled. 

C. H. Williss Several methods have been developed for 
controlling motor speeds by the use of thyratrons. We have 
used a tuned bridge to control the grids of the tubes which 
supply the field current of a shimt motor. Tliis method is 
capable of giving very accurate speed control, but the time 
constant of the field circuit makes it very slow in responding. 
Work is now in progress on this subject and I hope to be able 
to present further information on this subject later. 
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Synopsis*—Qualitative results of an^investigaiion, in which 
high-voUage impulses were applied to an energized transmission 
line, indicate that the probability of a lightning flashover developing 
into a power arc is increased when current is flowing past the flash-- 
over pointy and when the normal frequency voltage is increased or 
the insulation decreased. 

An oscillographic study of power arcs ranging in magnitude from 
8 to 800 amperes indicated that the resistance of an arc varies over 
the cycle and over the duration of the arc. The effective arc resis¬ 
tance is approximated by the radio of the peak voltage to the peak 
cuirent. The apparent power factor of the arc current and voltage 


is practically unity in most cases. The tests indicated that arcs 
formed in a capacitive circuit are more persistent than those in induc¬ 
tive or resistive circuits^ and that the average peak volts per foot of 
arc length, for cuirents above 100 amperes peak, is about 800, 

The maximum overvoltage recorded on an isolated neutral 75-kv, 
transmission system, IS 4 miles in length, as a result of 68 arcing 
ground tests was 8,0 times normal on a sound phase. The over-’ 
voltage is essentially a fundamental frequency phenomenon in which 
the sound phase voltage takes its new value without going through an 
oscillation of appreciable magnitude,^ 

«N * ♦ Nt ♦ 


Introduction 

DISCUSSION of the continuity of service which 
can be maintained on a power system frequently 
involves the consideration of power arcs. In 
cases where power and communication systems occupy 
the sam^ territory, the consideration of power arcs to 
ground is also important from the standpoint of their 
reaction on communication systems. In spite of the 
importance of arcs in the operation of power systems, 
there is but little available experimental information on 
the causes of power arc follow-ups due to surges, charac¬ 
teristics of arcs, or the resulting effects of arcs. 

This paper presents the results of cooperative ex¬ 
perimental investigations made by the Consumers 
Power Company, the General Electric Company and 
the Joint D. and R, Subcommittee of the N. E. L. A. and 
Bell System, to study the character of arcing faults- 
For convenience in conducting the tests and in preparing 
the paper, the investigation has been divided into three 
parts, namely: 

1 . Factors governing the development of a power 
arc following impulse flashover. 

2 . Characteristics of power arcs. 

3. Overvoltages due to arcing grounds. 


resulting in heating of the electrodes (thermal ioniza¬ 
tion of the dielectric) and a continued flow of current 
known as an arc. Although the spark and the arc are 
quite different in nature, there is no sharp line of demar¬ 
cation between the two, and the transition from one to 
the other is but little understood. 

Operating data presented in the past few years have 
indicated that frequently lightning may cause spark- 
over of transmission line insulators without producing 
a power arc. This fact does not seem particularly 
surprising when consideration is given to the extremely 



Pig. 1—^Diagram of Connections Used in Impulse Flashover 

Tests 

D—Valuable distance between conductor and tower 
With line off, switch A was open 
With line on, switch A was closed 



I. Factors Governing* the Development op a 
Power Arc Following Impulse Flashover 

Power arcs resulting from high-voltage transients in 
electrical systems are characWized by two distinct 
though closely related phenomena. First, voltage 
stresses produce a conducting path through the insulat¬ 
ing material (ionization by collision) which permits the 
flow of current commonly known as spark discharge. 
If in addition to the transient, there is a continuous 
supply of energy available, certain changes take place 

*ConsTimors Power Co., Jackson, Michigan. 

fNational Electric Light Association, Ncw.Tork City. 

tAmerican Telephone and Telegraph Co., New York City. 
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short duration of lightning transients and to the nature 
of the a-c. systems on which they are impressed. Wth 
the equipment available at Croton an attempt was made 
to study experimentally the factors governing the tran¬ 
sition of an impulse flashover into a power arc. For 
these tests a setup was made as shown in Fig. 1. By 
means of a 1,600-kv. impulse generator^ high-voltage 
surges were applied to a transmission line conductor 
which was in turn energized from the transformer bank. 
Line insulation was so correlated that flashover took 
place at a predetermined test tower at which spacing D 
was varied at will. During part of the tests, connec¬ 
tions were made equivalent to closing switch A, thereby 

1. For references see Bibliography. 
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causing a normal flow of power current past the test 
insulator due to the capacity load of 35 miles of the 
three-eonductor transmission line. As no attempt was 
made to synchronize the impulse generator discharge 
with the 30-cycle excitation of the line, the point on 
the 30-cycle voltage and current waves at which flash- 
over occurred was governed entirely by chance. During 
certain tests, this point was determined by oscillo¬ 
graphic measurements of voltage at E and by current 
measurements at S. 



Fig. 2.—^Pub Cent op Impulse Flashovebs which 
Developed Into Powbb Abcs at Vabious Line Voltaoes 
AND Flectbode Spaoing, D with and without Cafaoitt or 
S-19 Line as Load 


IN'iimbers under spacing designation indicate number of tests in group 


A total of 278 tests was made under a variety of test 
conditions. The curves of Fig. 2 show the per cent of 
sparkovers which resulted in power arcs (as determined 
by visual observation) for various electrode spacings and 
various applied values of 30-cycle voltage. These 
curves indicate several more or less definite tendencies: 

1 . For given excitation voltage and electrode spac¬ 
ing the flow of capacity charging current past the test 
insulator increases the probability of a power arc re¬ 
sulting from impulse flashover. This seems quite 
reasonable inasmuch as arc current is immediately 
available by the shift of current flow from the line to the 
arc, without the necessity of overcoming the inductance 
of the circuit, as would be the case if no initial current 
were flowing. 

2. For a given electrode spacing, the possibility of 
power arc follow-up is dependent on the value of the 
normal frequmicy excitation voltage. Below certain 
values of voltage, a ^ven insulator assembly apparently 
is almost immune from power arc follow-up. This 
critical value of power frequency voltage appears to be 
considerably higher in test than would be borne out by 
practical experience on operating lines. 

During 66 of the 278 tests conducted, oscillograms 
of voltage and current were obtained as described above. 
From these records it is possible to determine the point 
on the 30-cycle voltage wave at which flashover 
occurred. Fig. 3 shows diagrammatically the results 
of these tests plotted according to line voltage and 
point on the wave at which the flashover occurred, 
but without regard to electrode spacing or whether 
cumnt was flowing past the test insulator. This 


diagram shows that a high percentage of the flashovers 
occurring near the 90 deg. point of the voltage wave, 
resulted in power arcs. From a further analysis which 
is not shown on this diagram, it was found that this 
grouping of tests near the 90 deg. point was very definite 
for tests in which cmrent was flowing past the sparkover 
point, but for the case when there was no current in 
the line (switch A open) the points were fairly well 
scattered. 

In many of these tests, oscillograms indicated that 
the sparkover caused a considerable transient in the 
80-cycle voltage wrave, and in some cases even caused 
this voltage to fall to zero for a period of 6 or 10 elec, 
deg., without developing into a power arc. It appears 
that the development of a power arc is dependent on 
conditions existing within the first few thousandths of 
a second after sparkover. It is possible that on sys¬ 
tems having large connected generating capacity carry¬ 
ing heavy loads, in which case large arc currents are 
immediately available, the per cent of sparkovers 
developing into power arcs may be much higher than 
is indicated by these tests. It is felt that the conclu¬ 
sions drawn from these experiments must be interpreted 
as being qualitative rather than quantitative. 

II. Charactbeistics op Power Arcs 

In connection with relaying and short-circuit 
computations, it is desirable to know, imd^ certain 
fault conditions, the characteristics of power arcs. The 
difficulties of investigating experimentally imder prac¬ 
tical conditions the effect of each of the many variables 
detamining a long arc in air, are manifold. Experi¬ 
mental investigations^ of arc characteristics have been 
made from time to time under practical conditions 



Fig, 3—^Point on 30-Ctole Wave at which Impulse 
Flashoteb Occubbed 

X Arc formed 
0 Arc did not form 

which add considerably to the present knowledge of the 
behavior of arcs on transmission systems. The tests 
which are described here deal chiefly with a discussion 
of the variations in arc resistance, wave shape, per¬ 
sistence of the arc, and arc length, obtained experi¬ 
mentally from 30 tests made under various conditions. 

Te$t Setup. The coimections for setting up the arc 
circuit are shown on Fig. 4. In general, the arc was 
formed in three types of circuits energized at 76,000 or 
7,500 volts by pulling a 2-ampere fuse wire between 
copper electrodes. The major component of the im- 
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pedance of each of these three circuits was, respectively, 
resistance, capacitance, and inductance. It should be 
noted that the phase angle of the impedance of the in¬ 
ductive circuit shown in Fig. 4c was +30 deg. while 
that of the inductive circuits shown in Figs. 4d and e 
was nearly +90 deg. The initial are current for these 
three types of circuits ranged from 8 to 60 amperes 
(peak). Are currents ranging from 200 to 800 amperes 
(peak) were obtained in an inductive circuit energized 
at 7,500 volts (r. m. S.). This circuit is shown in 
Fig.4e. 

Measuring Equipment. The measurements of arc 
voltage and current were made with a magnetic oscillo¬ 
graph. Shunts were used for current measurements 
and resistance potentiometers for voltage measure¬ 
ments. Each of these potentiometers consisted of 
a 26-ft. length of doubled garden hose through which 
water was circulated by a pump. A metal coupling 
at one end of this hose was coimected to the line, and 
the voltage drop taken from a short length adjacent 
to the grounded end. The resistance of this poten¬ 
tiometer was approximately 500,000 ohms. The dif¬ 
ficulty of measuring the arc voltage, which varied from 
the normal line voltage to a very small value, was over- 



PlQ. 4—CONNBCTIONS FOB TbSTS ON AbO ChABAOTBBIBTICB 


come by the use of two oscillograph elements of different 
sensitivities. To prevent damaging the high sensitivity 
dmnent, a spark gap was shunted across a section of the 
hose which included the section for the high sensitivity 
elemeat. Breakdown of this gap was recorded by an 
element connected in series with it. Two moving pic¬ 
ture cam^:^ placed at right angles to each other were 
set up to photograph the arc. 

Arc Resistance. Since the resistance of an arc is not 
constant but is dependent on current, length, vtind, etc., 
some discussion of the variations of resistance, based on 
experimental data, will be of value. It is proposed here 
to discuss the experimental data from the standpoint of 
the variation of resistance over the cycle and through¬ 
out the duration of the fault. T3T)ical oscillograms for 
the three types of circuits employed, tiiat is, resistive, 
inductive, and capacitive, are shown in Fig. 5 for tests 
101,112,117, and 123. 

Considffling first the variation of instantaneous re- 
astance of the arc over a cycle, that is, the instanta¬ 
neous voltage divided by the instantaneous current, an 
analysis was made for a cycle near the start of the arc 
and one just previous to arc extinction. The curve of 
reastance of an arc in a resistive drcuit (test 101), fora 
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cyde near the start and one near the point of extinction, 
is shown plotted against time in Fig. 6. These curves 
are of the same nature as the corresponding ciuves for 
the inductive and capacitive circuits. Curves corre¬ 
sponding to those for Fig. 6 have been drawn for a 
higher current arc in an inductive circuit and are shown 
in Fig. 7. It will be noted from these curves in Figs. 6 
and 7 that the instantaneous resistance varies over a 
wide range between the current zeros, being very large 
near current zero and reaching a small minimum value 



Fio. 6 —Ctovbs Showing Relations Between Arc Voltage, 
CimraiNT, AND Resistance for a Cycle Near Start of Arc 
AND One Near Point of Extinction 

Arc in resistive drcuit 


at the peak of the current. The increase in instan¬ 
taneous resistance noted near the point of extinction is 
due to the lengthening of the arc and the decrease in arc 
current, and will be discussed later. 

The variation of instantaneous arc resistance from 
cyde to cyde was investigated for all tests. Several 
X>omts were chosen on the current and voltage waves 
and measurements of instantaneous resistance were 
made at these points on succeeding cycles throughout 
the duration of the fault. The instantaneous reastance 
corresponding to the peak of the current, peak of the 
voltage, tail of the voltage (usually a second peak of 
smaller magnitude than the first), and the ratio of peak 
voltage to peak current for arcs in resistive and induc¬ 
tive drcuits are shown as a function of the duration of 
the arc in Figs. 8 and 9. During the early stages of the 
arc, increases in length of the arc path result in in¬ 
creases in are resistance. This are resistance, however, 
is small compared with the external impedance so that 
there is but little change in current. As the arc re- 
fflstanee becomes a larger per cent of the total circuit 
impedance due to the increase in length, the arc current 
is decreased. The decrease in current results in a still 
further increase in arc resistance. The curves in Figs. 
8 and 9 bear out this discussion by showing that the arc 
resistance in the early stages of the arc is principally de¬ 
pendent on the arc length and is roughly proportional to 
it, while near the point of extinction the increase in re¬ 
sistance is more rapid, due to the deia-ease in current. 

It follows from the above discussion that the mea¬ 
sured value of arc resistance is dependent on its method 
of determination. If the arc resistance is to be deter¬ 
mined from measurements of dynamometer type in¬ 


struments, which measure r. m. s. values, the effective 
resistance of the arc will be obtained and it is defined 
as the ratio of the r. m. s. voltage to the r. m. s. current. 
The assumption that the arc impedance is practically all 
resistive is borne out by a subsequent discussion. 

A very close approximation of the effective arc re¬ 
sistance was found to be the ratio of the peak voltage to 
the peak current. This provides a simple method for 
obtaining the effective resistance of the arc when the 
current or voltage waves are not sine waves. It should 
be noted in connection with this approximation for effec¬ 
tive resistance that it was found to be true within a few 
per cent for arc resistances above 10 ohms and the error 
varied from 16 to 25 per cent for lower values of arc 
resistance. 

Wave Shape of Are Current and Voltage. In the past 
there has been some question as to the phase relation 
between the current in an arc and the voltage across the 
arc. The oscillograms of current and voltage of an arc 
shown in Fig. 5 indicate that in these tests the current 
and voltage waves have simultaneous zeros. However, 
if the variations in current and voltage are not sinu¬ 
soidal, the apparent power factor may not be imity. 
The apparent power factor of the arc was determined by 
analyzing typical cycles to obtain the ratio of the aver¬ 
age of the instantaneous products of current and voltage 
to the product of effective current times voltage. These 
anals^es indicate a variation in apparent power factor 
from unity to 0.76 in each type of circuit for current 
varying up to 60 amperes peak. The high value of 
apparent power factor occurs near the start of the arc 
and decreases to the lower value near the point of ex¬ 
tinction. In the so-called high-current tests in which 



Tig. 7—Curves Showing Relations Between Arc Voltage, 
Current, and Resistance for a Cycle Near Start of Arc 
AND One Near Point of Extinction 

Arc in inductive circuit 

the current varied from 200 to 800 amperes the power 
factor was very nearly unity throughout the duration of 
the are. The apparent power factor of the arc current 
and the voltage at the source, was found to be practi^ 
cally unity for all tests. 

In discussing the wave shape of are voltage and cur¬ 
rent qualitatively, use will be made of the relationship 
referred to above, namely that the arc resistance varies 
inversely with the current, and directly with arc lengths 
The wave shape of the arc voltage and current is de¬ 
pendent on the tjpe of circuit in which the arc is formed. 
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the characteristics of the arc itself, and the presence of 
harmonics in the supply voltage. The effects on wave 
shape of the factors mentioned above are shown on the 
oscillograms in Fig. 5. 

Consider the oscillogram for test 101 in which the 
circuit impedance exclusive of the arc was piincipally 
resistance. For this case the arc resistance at the start 
of the arc was small compared with, the external resis¬ 
tance so that the current is not affected appreciably by 
the arc and is practically a lane wave. The arc voltage, 
however, is not a ane wave. This is to be expected 



Fig. 8—Curves op Resistance, Cubbent, and Length fob 

Test 101 

A Instantaneous resistance for peak voltage 
B Instantaneous resistance for tail voltage 
C Instantaneous resistance for peak current 
D Batio of peak voltage to peak current 


age across the arc and, second, the ability of the arcing 
medium to recover dielectric strength. If the rate of 
recovery of the voltage across the arc exceeds the rate at 
which the arcing medium recovers dielectric strength, 
the are will persist. In this discussion it will be assumed 
that the recovery of dielectric strength of the arcing 
mediiun is the same for each type of circuit. 

A comparison, based on whether or not the. arc re¬ 
struck following extinction at current zero, was made of 
the oscillograms for arcs formed in resistive, capacitive, 
and inductive circuits. Restsikings of the arc were 
observed only in the case of the capacitive circuit. This 
seems to indicate, that if arcs were formed under identi-. 
cal conditions in resistive, capacitive, and inductive 
circuits, only the arc in the capacitive circuit would 
persist, following the first extinction at current zero. 
The arcs formed in the resistive and inductive circuits 
showed about the same tendency toward extinction, 
that is, an increase in arc resistance followed by a de¬ 
crease in arc current to the point of extinction. The 
oscillograms show that after the arc is extinguished the 
. voltage across the electrodes rises to normal in the resis¬ 
tive and inductive circuits, but rises to approximately 
twice normal in the capacitive circuit. The rise of this 
voltage to approximately twice normal in one-half cycle 
may be explained by the fact that after are extinction 
the voltage across the electrodes tends to rise to a value 
equal to the sum of the generated voltage and the volt¬ 
age trapped on the equivalent condenser in the circuit. 


since the arc resistance varies over the cycle, being high 
for small values of current and low for large currents. 
As the duration of the arc increases, its length increases, 
resulting in an increase in resistance. As the arc resis¬ 
tance, still varying over the cycle, becomes a larger per 
cent of the circuit impedance, the current wave becomes 
distorted and the arc voltage approaches a sine wave. 

The tests which were made with an arc formed in a 
capacitive circuit indicated the presence of a very large 
third harmonic current, as shown on oscillogram 112, in 
Fig. 5. The reason for this large triple Jiarmonic cur¬ 
rent is apparent from the nature of the circuit. Any 
harmonics which appear in the voltage across the arc 
circuit result in large harmonic currents, since the ca¬ 
pacitive circuit affords a lower impedance path for the 
harmonic currents than forthe fundamental current. 

Effect of External Circuit on Persistence of an Arc. In 
fo rming arcs in three different types of circuits, it was 
hoped that some information woifid be obtained on the 
relation between the persistence of the arc and the type 
of circuit in which the arc was formed. In spite of the 
fact, that it was impossible to duplicate exactly condi¬ 
tions of wind, current, and wave shape for the diffa:ent 
types of circuits, certain conclusions as to the persistence 
of an arc can be drawn from the experimental data. 

The factors determining whether an a-c. are will be 
extinguished at current zero have been described by 
Dr. J. Slepian* as, first, the rate of recovery of the volt¬ 



Fig, 9—Cubves of Resistance, Cubbent, Length, and 
Volts Pbb Ft. fob Test 123 

A Instaateous resistance for peak voltage 
B Instantaneous resistance for tail voltage 
C Instantaneous resistance for peak current 
D Batio of peak voltage to peak current 

The greater persistence of the arc in the capacitive cir¬ 
cuit seems to indicate that not only is the rate of the 
recovery of arc voltage important but also the maximum 
value to which this voltage rises. 

Arc Length amd Arc Voltage. Arc length, arc current, 
and arc voltage are inter-dependent and are very much 
influenced by the direction and velocity of the wind and 
by electrode spacing. Arc length has been determined 
from measurements of moving pictures taken witii t^o 
cameras at right angles, The variations of ^ Iqngth 
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have been plotted against the duration of the arc as 
shown in Figs. 8 and 9. 

Other experimental investigations^ have shown that 
a fairly definite relation exists between the voltage 
across an arc and the length of the arc. This relation 
may be expressed in peak volts per foot of length. To 
observe the effect of variation of arc ciurent on the peak 
voltage per foot of arc length, a “shot gun” diagram was 
made and is shown in Fig. 10. The points plotted on 



PEAK ARC CURRENT-AMPERES 

Fia. 10 —^Plot Showing Akc Voltage Pee Foot op Aac 
Length por Vabiotjs Currents 


rerical consid^tions, laboratory tests or limited operat¬ 
ing data. From the tests on an actual transmission 
system herein described, information on the nature and 
magnitude of such overvoltages was sought. The term 
“arcing ground” as used in this paper refers simply to 
the condition of a transmission line fault to ground 
through an arc, and the term “sound phase” refers to 
either one of the two imfaulted phases. Overvoltages 
are expressed in terms of the ratio of the maximum peak 
voltage to groimd during a fault, to the same peak 
voltage just previous to the fault, the latter quantity 
being referred to as normal voltage. 

Nature of Tests. A three-phase transmission line, 
open at the far end, was energized at 75 kv. by a genera¬ 
tor and transformer bank as shown in Fig. 11. The 
characteristics of the S-19 and T-20 transmission lines, 
which were used in the tests, are given in Fig. 11. 
Arcing ground faults were produced on phase M con¬ 
ductor at different points on the line. These faults 
were initiated in the following manner: 

1. A grounded copper wire or a fuse wire was pulled 
into the line. 

2. A grounded conductor was pulled into and away 


this diagram represent the peak voltage per foot, com¬ 
puted for various tests and for several cycles olf each 
test. This diagram indicates a very definite grouping 
at 300 volts per foot for currents greater than 100 
amperes peak. For currents below this value, there 
appears to be no definite grouping. 

Conclusions. 1. The resistance of an are varies over 
the eyde and over the duration of the arc, so that it 
becomes necessary to define are resistance with regard 
to the particular use for which it is intended. The 
effective resistance is important in the operation of 
certain types of relays and this is approximated fairly 
accurately by the ratio of the peak voltage to the peak 
current of the arc. 

2. The arc current and arc voltage have simultane¬ 
ous zeros. The apparent power factor of the arc current 
and volfage was found to be as low as 0.75 under certain 
conditions, but in general it can be conridered as unity. 
Due to the naturfe of the arc, dther the arc current, the 
arc voltage or both may be distorted. 

3. The arcs formed in the capacitive circjiit showed 
less tendency to extinguish than those in the inductive 
or resistive circuits. Arcs formed in either the resistive 
or inductive circuit showed about the same tendency 
to be sdf-extinguishing. 

4. The average peak volts per foot, for arcs ranging 
in current from 100 to 800 amperes peak was found to 
be 300 volts per foot. 

III. Overvoltages Due to Arcing Grounds 

Opinions vary rather widely, regarding the marirniim 
overvoltages whidb can be developed on an isolated- 
neutral transmission system at the time of an arcing 
ground, according to whether they are based on theo- 



from the line, or held within arcing distance of the line. 

3. A grounded green oak stick was swung close to 
the line. 

4. A line conductor was swung above the sandy 
soil. 

Oscillographic measurements of phase voltages to 
ground and of arc current were made at the time of the 
fault. Magnetic type oscillographs were employed for 
all measurements of current and voltage, with the aid 
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of a shunt for measuring arc current, and water hose missed by the latter. The maximum values of voltage 
resistance potentiomet^, previously described in from transformer neutral to ground rworded for fhe 
Section II, for measuring voltages to ground. Singe- ardng ground tests on the longer lengths of 75-kv. 
voltage recorders WCTe connected to the three phases at isolated systems, ranged from 42 to 135 kv. Opeak). 
the generating end and at the open end of the transmis- Nature of the Transmit. Fig. 12, which shows the 
sion line to supplement the oscillographic measurements beginning and end of the fault for test 79, illustrates the 
of voltage. These surge recorders were calibjated with nature of the transient changes at the point of fault as 
high-voltage impulses supplied by the lightning genera- they took place in a large number of the tests. • For 
tor. Conditions which were varied included the length this test an arcing ground was produced with a swinging 
of line, as shown in Fig. 11, transformer connections, wire on phase M at Croton, the 37-mile line being con- 
and the use of several neutral impedances, as indicated nected and energized through A-A transformers, 
in Table I, and the location of the fault. An analysis of faulted phase voltage indicates that 
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the fault was located at one end or the other of a single 
line system which was varied in length up to 94 miles, 
other oscillograms ^owed that the frequency of these 



TEST NO.‘70, 




Pig. 12—Typical Oscillograms op Arcing Ground Tests 


oscillations (called oscillatory frequency) corresponded 
to 'the free or natural period of oscillation of the line. In 
the tests’ on the' 94- and 134-mile lines, arcs at Croton 


resulted in arc currents of qxiite complicated wave shape 
due to the several frequencies produced by the unequal 
lengths of line from Croton to the ends. 

It can be seen in test 82 shown in Fig. 12, that the 
standing wave oscillations on the faulted conductor are 
accompanied by similar oscillations of relatively low 
amplitude in tiie voltage waves of the sound phases B 
and T. It is possible that these small voltage oscilla¬ 
tions are caused by the oscillations in the faulted phase 
current or voltage, and not by reflection of a traveling 
wave initiated by a sudden change in the sound phase 
voltages themselves. Their small amplitude is ap¬ 
parently due to a low mutual coupling between phases 
and to the relatively high impedance at oscillatory fre¬ 
quency offered by the tranrformer windings, through 
which very little of the wave can be propagated. The 
barely noticeable oscillations do not occur at the highest 
crest of the soimd phase voltage waves and add nothing 
to their maximxtm values. After undergoing shifts in 
phase relations, these voltages reach their crest values 
as waves of fimdamental frequency on which a small d-c. 
transient, which shifts the zero of the normal frequency 
wave, is superimposed. A noticeable third harmonic 
voltage appears in the soimd phase voltage during the 
fault. 

In the majority of the tests the maximum overvoltage 
occmred during the first cycle of the fault, and was from 
10 to 15 per cent higher on phase B than on phase T. 
Assume that the fault occurs on phase M when 
the voltage is at its peak value. As a result of the order 
of phase rotation B M T, is advanced and V-r re¬ 
tarded about 30 deg. in their phase relations, at the 
instant Vm falls to zero. Vn, which at that instant 
is increasing in magnitude, is thus hastened to its crest 
value; while Vi, which has just passed its crest, is sent 
through a reverse curve because of its retardation in 
phase. It is probable that this difference in the be¬ 
havior of Vs and V t, when the fault occurs, accounts 
for the rather consistent superiority of Vr in the mag¬ 
nitude of its first cycle overvoltage. 

Unstable Arcing Ground. The oscillogram for test 
71, shown in Fig. 12, represents conditions during one 
of the most unstable arcing groimds that was produced. 
In this case the current usually restruck from zero once 
every half cycle, which is tsrpical of a condition often 
assumed in constructing a theory for high arcing groimd 
overvoltages. The high-frequency voltage oscillations 
are agmn very small, however, and the maximum sound 
phase overvoltage for this test, as recorded by the oscil¬ 
lograph and surge recorders, was respectively 2.4 and 
2.6 times normal. It is furthermore assumed in theories 
that an unstable arc waits each time to restrike until 
the voltage across it attains successively higher values. 
Osdllogram 71 showed that the arc restruck when the 
voltage was equal to or less than its normal crest value 
and in most of the tests the restriking took place at less 
than normal crest voltage. 

Effect of Length of System on Overvoltages. As the 
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length of the isolated system was increased, there was a 
gradual, though quite definite trend toward higher 
overvoltages due to arcing grounds. This can be seen 
from the curves of maximum and average overvoltages 
shown in Fig. 13, in which the average overvoltage on 
phase T with a 134-mile line is 28 per cent higher than 
that for a 16.5-mile line. The data for these curves 
were selected considering only the system length, and 
neglecting the effects of other variables. 

Effect of Point on the Wave of Faulted Phase Voltage 
Where Arc Strikes. There were 46 arcing ground tests 
with the neutral isolated in which the point on the wave 
of faulted phase voltage where the arc struck could be 
determined. For these tests the point of striking varied 
from 15 to 160 deg. In the majority of tests the arc 
struck in the portion of the cycle between 45 and 90 
deg., but thffl'e appears to be no definite relation between 
the magnitude of overvoltage and the point on the wave 
where the arc strikes. 

For most of the tests in which the arc struck between' 
100 and 160 deg. the overvoltages are all greater than 
2.5. However, the majority of these tests were made 



Fio. 13 —^Efbect of Length of Line on Recorded Over¬ 
voltages Due to Arcing Grounds on Phase M 76-Kv. 
Isolated-Neutral System 

on the 94- and 134-mile systems. The fact that the 
maximum overvoltages were recorded for these tests 
may be due either to the increased length of system or 
to the point on the voltage wave where the arc struck. 

Effect of Type of Fault. The various types of arcing 
groimd faults investigated may be classified as arcs 
formed through high external resistance, and those 
formed through low resistance. It was found that a 
high-resistance groimd fault, such as an intermittent 
tree ground, even if it persists for some time, produces a 
negligible rise in voltage on the sound phases. It is, 
therefore, concluded from these tests that an arc to a 
low-resistance groimd, which allows maximum fault cur¬ 
rent to flow when the arc resistance is low, is more con¬ 
ducive to overvoltages than one to a high-resistance 
ground. 

Effects of Other Changes in System Conditions. No 
important changes in the magnitude or nature of the 
overvoltages could be detected for different transformer 
coimections, different locations of measuring equipment, 
whether at the source or the open end of the line, or for 


the few tests which were made on a short line when light¬ 
ning arresters were connected to the system at Croton. 

Overvoltages tvith System Neutral Grounded Through 
an Impedance. The essential results of the tests made 
with a neutral impedance can be found in the lower six 
lines of Table I. With the exception of two tests made 
with the neutral grounded solidly, in which the sound 
phase voltage was raised considerably higher than the 
normal value by an exaggerated third harmonic, the 
maximum voltages recorded during the tests varied from 
1.6 to 2.2 times normal. These are somewhat less than 
the maximum values obtained with the system neutral 
isolated. Due to the fact that dangerous overvoltages 
were not developed in the tests under the isolated condi¬ 
tions, however, it is impossible firom these tests to evalu¬ 
ate the minor changes resulting from the insertion of 
impedance in the neutral connection to ground. 

Existing Theories of Arcing Ground Overvoltages. In 
general, three theories have been proposed to explain 
the development of the supposed overvoltages resulting 
from an arcing ground on an isolated system. These 
theories have been reviewed by others'*’® and will not be 
discussed here. They may be briefly differentiated 
according to important assumptions made, that is, (1) 
both ^tinguishing and restrildng of the arc controlled 
by oscillatory high frequency; (2) are extinguishing 
controlled by oscillatory frequency and restrildng by 
normal frequency; and (3) both extinguishing and re¬ 
striking controlled by normal frequency. In all of these 
theories the maximum overvoltage occurs on a sound 
phase when its voltage is at the peak of a transient oscil¬ 
lation occasioned by the restrildng of the arc, and can 
attain respective values of 19, 7.5, or 3.5 times normal 
neglecting damping. If factors for damping, leakage, 
and mutual capacitance are assumed, the maxiTnum 
overvoltage for the second theory is about 5.6 times 
normal. 

Analysis of Results of Tests from Standpoint of Above 
Theories. 1. In all the tests of this investigation, the 
oscillograms showed the striking and extinguishing of 
the arc to take place according to normal (30-cycle) 
frequency, in accordance with the third theory. This 
fact automatically prevents the tests from supporting 
the flrst two theories, since in both of these theories, 
the assumption is made that the arc is extinguished 
while the arc current is going through zero in an oscilla¬ 
tion. This conclusion was also reached by Messrs. 
Peters and Slepian in their laboratory tests. 

2. At the striking or restrildng of the arc, the two 
sound phase voltages take their new value after going 
through an oscillation, the magnitude of which is only a 
very small fraction of the normal frequency peak of the 
wave. In no case was the magnitude of the maximum 
overvoltage affected by the amplitude of the oscillation. 
In this respect the tests fail to substantiate any of the 
theories. 

3. If, in the normal frequency theory, a damping 
factor is taken into account, which damps the oscillation 
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in the sound phase voltage, the character of the phe¬ 
nomenon as observed in these tests agrees in certain 
respects with the normal frequency theory. 

Condimom from Arcing Ground Teats. The tests 
indicate that for the range of conditions investigated on 
this isolated neutral transmission system, faults involv¬ 
ing arcs to ground produce overvoltages which may be 
characterized as follows: 

1. The maximum overvoltage is approximately 3.0 
tim^ normal peak voltage from line to ground, and 
occurs on a soimd phase, most frequently during the 
first cycle of the fault. 

2. The overvoltage is essentially a fundamental fre¬ 
quency phenomenon, and is made up of the following 
components: A change in the impressed voltage from 
that of line to neutral to that of line to line without go¬ 
ing through an osdllation of appreciable amplitude, a 
d-c. transient of several (^des duration which shifts 
the zero of the normal frequency wave, and in some 
cases a harmonic of lower order. Oscillograms showed 
that high frequendes within the range of the magnetic 
osdllograph did not affect tiie magnitude of the maxi¬ 
mum overvoltage, while surge recorders testified that 
no higher magnitude transients were present. 

3. Variations in the transmission system and in the 
test conditions which could be made with equipment 
available did not change the nature of the overvoltages, 
and caused changes in thdr magnitude of not more than 
28 per cent. Conditions whidi were varied are as 
follows: 

Length of system (1.5 to 134 miles). 

Point on wave of voltage where arc strikes. 

Transformer connections (delta and star, see 
Table I). 

Fault location (at end or middle of line) 

Method of starting arc (fuse, swinging wire, etc.). 

4. An arc to a high-resistance groxmd limits the 
shift of the system' neutral and hence tends to reduce 
the magnitude of overvoltages produced. 

6. At the striking of the arc, a highly damped stand¬ 
ing wave follows the traveling wave set up on the 
faulted conductor. The frequency of the resulting 
oscillation is determined by the distance from the arc to 
the ends of the line. 
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Discussion 

J. K. Peck: As a supplement to tbe tests which were made at 
Croton, Michigaii, in the study of overvoltages due to arcing 
grounds, which have been described in the paper by Messrs. 
Eaton, Dunham and myself, an automatic oscillograph was 
installed this year on the 140-kv. 60-eycle system of the Con¬ 
sumers Power Company at its Blackstone substation, which 
is located at Jackson. This oscillograph is a three-element 
string type instrument. It is connected through potential 
transformers to record phase-to-ground voltages, and is operated 
by residual voltage to begin operation within one-haJf cycle of 
the start of a disturbance on the system. The date and time of 
occurrence of the fault are recorded automatically by a camera 
which photographs a clock. 



Pig. 1 —^Pault on 140-Kv. Isolated System Voltages at 
Blackstone 

At the present time this 140-kv. system, which operates with 
its neutral isolated, usually has a connected length of about 670 
miles, and is fed by a generating capacity of from 150,000 to 
170,000 kva. It would therefore seem to offer good possibilities 
for the development of overvoltages at the time of arcs to ground 
on the system. 

Between March 1st and May 23rd there were IS oscillograph 
operations at the time of disturbances on the system, most of 
which resulted from insulator arcovers. The highest overvoltage 
recorded by the oscillograph during each of these faults varied 
from 1.2 to 2.6 times normal peak voltage to ground. The dura¬ 
tion of the faults ranged from 4 to 112 cycles. In most of these 
oscillograms evidences of arcing were observed in several cycles 
just prior to clearance of the fault, but in no case did cumulative 
oscillations appear in the voltages during the fault. 

The oscillogram shown in Pig. 1. is typical of a number of 
operations. This particular fault, lasting for 32 cycles, was an 
arc to ground at the time of a lightning storm occurring on May 
18th. The final 10 cycles of the disturbance are shown here, 
with 2 cycles of succeeding normal conditions. The first 22 
cycles of the oscillogram exhibited no marked difference from the 
waves which appear at the beginning of this figure. Evidence of 
arcing is seen in the last 6 cycles of the fault in all phase voltages. 
There is, however, no building up of voltage. The maximum 
voltage to ground was 2.0 times normal on phase Z near the 
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beginning of the fault, and gradually decreased to 1.8 times 
normal at the point shown. 

In order to obtain still more complete data on this system at 
the time of disturbances, a three-phase aiitomMic surge recorder 
is also being installed at the Blackstone 140-kv. substation. 
Records from this instrument should materially substantiate 
the automatic oscillograms, since the oscillograph cannot record 
transients which occur during the first half cycle of the fault, or 
surges of a very high frequency. 

The nature of the phenomena and order of magnitude of the 
overvoltages recorded by the automatic oscillograph at the time 
of phase-to-ground faults, agree very well with the results of the 
experimental investigation at Croton, inasmuch as the magnitude 
of the maximum overvoltage was not affected by high frequencies 
within the range of the oscillograph, and was in all cases less tba.Ti 
3.0 times normal. Moreover, the system length and generating 
capacity for the 140-kv. system faults are considerably more than 
those which were available for the Croton tests, and thus these 
records from an operating system are a very valuable supplement 
to the tfests described in the paper. 

R- H. Parks In the tests described in the paper, it was found 
that the probability of a power arc resulting from an impulse 
flashover was increased when a capacitance load consisting of 35 
miles of transmission line was connected in parallel with the point 
of flashover. Apparently this effect may be attributed to the 
discharge through the arc of the capacitative charge stored on the 
line. Thus, iib. the . tests the stored charge bn the line had the 
effect of supplementing the charge stored in the lightning 
generator, and consequently causing a greater degree of initial 
ionization in the arc path, with a resultant greater likelihood of 
power arc follow-up. This is substantiated by the fact that in 
the case of tests made with parallel capacitance the power are 
foUow-up was found to be closely correlated with the point on the 
voltage wave at which flashover occurred, foUow-up occurring 
most frequently when the flashover occurred at the maximum of 
the 30-cycle voltage wave. This effect would increase as the 
connected capacitance increased and in the case of long lines, or 
of an interconnected network of lines involving a large total 
length of transmission, might be very pronounced. It should be 
noted that this particular effect should depend on the connected 
miles of transmission line and should be independent of the 
connected generating capacity. 

With regard to the method of measuring voltage, it might be 
well to point out that with a potentiometer resistance of 600,000 
ohms the potentiometer itself may have an appreciable effect on 
the oscillations which develop during the arcing period, and it is 
possible that the presence of the potentiometer has prevented 
the occurrence of some of the phenomena which are under 
investigation. 

J. M. Dunham x Mr. Park has suggested that the probability 


of a power arc follow-up resulting from an impulse flashover is 
increased when the connected capacity of the system is increased. 
Any effect which increases the ionization resulting from an im¬ 
pulse flashover will, other conditions remaining constant, increase 
the probability of power arc follow-up. There are several factors, 
however, which influence the effect of increased system length 
on the ionization of the are path following an impulse flashover. 
Considering first the initial current due to the impulse flashover, 
and the initial current due to the discharge of the line capacitance 
through the arc path, it is evident that the influence on the 
ionized arc path of the discharge current may be great or small 
depending on the relative magnitudes of these initial currents. 
Another important factor to be considered is the duration of the 
discharge current compared with the dimation of the impulse 
surge. 

From the above it appears that a general statement regarding 
the effect of increasing the extent of a power system on the 
probability of a power arc resulting from a flashover, can not be 
made without qualification. It is unfortunate that because of 
the limitation of time and equipment more extensive tests could 
not be carried out at Croton to separate the various factors 
affecting power arc follow-up. 

Mr. Park has brought up a very interesting point regarding 
the effect of the resistance potentiometers, used for measuring 
line voltages-to-ground, on the occurrence of overvoltage 
phenomena. Although, as stated in Section III of our paper the 
presence of a high damping factor would explain an agreement in 
certain respects between the normal frequency theory and the 
observed phenomena, the damping due to the resistance po¬ 
tentiometers cannot be considered as a high damping f actor. 

If the circuit conditions are simulated by a series circuit com¬ 
posed of the potentiometer resistance (B) from one phase wire 
to ground and the direct capacitance (C) of one phase wire to 
ground, the following formula can be used to determine the volt¬ 
age on one of the unfaulted lines following arc extinction, ex¬ 
pressed as a per cent of the initial voltage 


Calculations based on the preceding formula indicate that two 
cycles after the initial time the voltage on one of the unfaulted 
phases of the 135-mile system has decreased only 12 per cent 
due to leakage current through the potentiometer. For the 
37.5-mile system the decrease in voltage after two cycles is .28 
per cent. This leakage of charge, as evidenced by the calculated 
drop in voltage, was not sufficiently rapid to have prevented the 
building up, or at least an indication of the building up, of large 
voltages-to-ground on the unfaulted phases in accordance with 
any one of the three existing theories outlined in Section III of 
our paper. 
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ANNUAL REPORT OF THE COMMITTEE ON AUTOMATIC STATIONS* 


C ONSIDERABLE data on many phases of the 
automatic station art have been collected by 
subcommittees and are made part of this report, 
which is treated under headings as follows; 

Technical Papers Wire Designations 

Standards Research 

New Subjects Operating Data 

Unfinished Business Telemetering 

Fire Protection Bibliography 


Technical Papers 

The following papers are b^g presented under the 
auspices of the Committee at the Summ^ Convention, 
AsheviUe, N. C., 1931. 

1. A-C. Supervisory CorUrol System. By Othmar 
K. Marti. 

2. Supervisory Control for A-C. Electrified Railroads. 
By C. P. West and H. C. Griffith. 

3. Aukmatic Combustion Control. By C. H. San- 
d^son and E. B. Ricketts. 

4. Operating Experience with Automatic Stations. 
By Garland Stamper and F. F. Ambuhl. 

5. Three Years' Operating Experience mth Miniature 
Switchboard Supervisory A'utomaUc Control. By R. M. 
Stanley. 

Standards 

Standards No. 26, Automatic Stations, has again 
been reviewed by the Committee. Recommendations 
for revisions in the list of device function numbers and 
in the table of minimum protection for power apparatus 
have been forwarded to the Standards Committee. 


New Subjects 

Automatic combustion control and automatic 
alternating current networks have been studied this 
year by the Committee. A paper on Automatic Com¬ 
bustion Control, covering this subject extensivdy for 
the first time, is being presented at the aimual con¬ 
vention. 

Unfinished Business 

Of the items listed last year, preliminary reports on 
Fire Protection, Load Dispatching and Wire Detigna- 
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tions have been completed and are contained herein. 

The following topics have been under consideration 
but no final reports have been rendered: 

1. Economical Construction. 

2. Noise Mitigation. 

3. Automatic Alternating Current Networks. 

4. General Telemetering. 

Subcommittee Reports 

To the Subcommittees contributing the following 
reports generous acknowledgment is given. It is de¬ 
sired to make known that the efforts so prominently 
reflected in tiiese reports are appreciated in full measure. 

Fire Protection 

Coatributed by I. B. Moultrop and D. W. Taylor. 

The methods of accomplishing suitable fire protec¬ 
tion from the points of view of safety to personnel, 
safety to apparatus, and continuity of service have 
long been the subject of discussion and investigation 
by the electrical engineering profession. The size and 
importance of electrical installations make adequate 
fire protection a matter of utmost importance. The 
increasing use of automatically operated stations brings 
into prominence the special problems confronted by the 
designers of these usually unattended installations, 
which may in some instances be so far removed from 
the nearest aid in case of fire as to make automatic 
fire protection a corollary of automatic operation. It 
is the puipose of this report to point out some of these 
special problems. 

When the subject of fire protection is considered, it is 
well to make a study of the causes of fires to obtain a 
perspective of the various elements entering into the 
problem. Consideration can then be given to design, 
and apparatus and material specifications, which will 
eliminate as much as possible the trouble at the soiurce. 
Studies may be made to determine if oil circuit breakers 
have the necessary intarupting capacity; if all load 
carrying apparatus has the proper thermal capacity; 
if relay protection can be provided to clear short circuits 
before damage may occur, etc. Many apparatus char¬ 
acteristics, such as oil circuit breaker interrupting ca¬ 
pacities, ^ve been proven by tests so that greater 
reliability .may be placed in their performance than was 
the case a few years ago. 

Means to limit the fire to the vicinity of its source 
and prevent involving other apparatus in an attended 
or imattended substation, may take any one or more of 
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three forms, viz.: automatic means of fire detection and 
alarm; structural means of fire isolation; and means of 
fire fighting, either manual or automatic. 

Automatic means of fire detection, as at present 
commercially developed, take the form of thermo¬ 
couples and fusible links to convert the heat energy 
released by combustion into electrical energy, or of the 
more complicated apparatus working as a detector of 
the resultant smoke. Although these automatic means 
of fire detection have occasionally been installed in 
attended stations merely to alarm the operators, the 
recent mechanical improvement of the devices com¬ 
mercially obtainable for this service has resulted in 
considerable application of such devices in unattended 
stations to give alarm at some central attended installa¬ 
tion and/or to operate fire-fighting equipment adjacent 
to the source of trouble. Unattended stations whose 
operations are reported to a central office through some 
means of supervisory control are particularly adapted 
for the installation of an alarm system between the 
station and the central office. 

The second form of fire protection, structural means 
of fire isolation, is applied for the same reason and with 
equal effect in both attended and unattended stations. 
The large quantity of oil used in modem electrical 
apparatus makes fire isolation an important problem 
both indoora and outdoors. Generally, if possible, it is 
desirable to install large oil-filled apparatus outdoors 
and eliminate as much indoor oil-filled apparatus as is 
possible. 

Indoors, apparatus of different t 3 npes and different 
degrees of importance may be placed in different rooms, 
with fire doors between, either normally closed or closed 
by gravity upon the release of a fusible link. Some com¬ 
panies go so far as to install oil-inunersed transformers 
in one room, large oil circuit breakers in a long narrow 
room with windows only at the ends, and oil-immersed 
voltage regulators in still another room; only the 
smaller breakers being installed in the same room with 
the switchboard and major bus structure. In connec¬ 
tion with the location of windows, many stations are so 
arranged that any outdoor apparatus liable to catch 
fire, if installed adjacent to the building wall, are 
located at considerable distance from the nearest open¬ 
ing into the building. Another precaution taken as a 
means of indoor fire isolation comprises the use of cell 
doors and other trim made of treated wood or other fire¬ 
proofed material. Current transformers, on which the 
relay protection is dependent, have been sometimes 
placed in separate compartments so they will not be 
involved in an arc from other equipment before they 
have actuated the tripping relays. Proper grounding 
of apparatus often lessens the chance of stray currents 
damaging other equipment during a short circuit. 
Elimination, as much as possible, of unprotected ap¬ 
paratus coimected to the main bus is often desirable. 
Protection of apparatus, such as bus potential trans¬ 
formers, by means of resistance and fuses and careful 
isolation of bus arresters, should be considered. 


Outdoors, transformers may be installed with fire 
walls between banks of two or three units or, if larger 
and more important transformers, between individual 
units. One company has recently adopted the policy, on 
large outdoor transformers, of eliminating the column- 
t 3 ^e oil gage from the conservator and of installing 
fuse-releasing gravity-closing valves on all connections 
between conservator and main tank. It is intended by 
this policy to prevent the spreading of possible trans¬ 
former fires by the release of the large quantity of oil 
contained in the conservator, as sometimes happens 
through the cracking of the gage glass on the occurrence 
of fire in the immediately adjacent transformer and 
through the feeding out of burning oil from a rupture in 
the cover of a faulty transformer. 

Both indoors and outdoors, fire isolation may be 
augmented by the installation of pits and drainage sys¬ 
tems properly disposed with respect to oil-immersed 
transformers and regulators and oil circuit breakers. 

The third form of fire protection, means of fighting 
the actual fire, divides naturally between the use of 
liqrnds and the use of gases. The most obvious liquid 
for this purpose is water, which is often piped to the 
end-bells of large rotating machinery and may be used 
elsewhere in connection with one of the commercial 
sprinkler systems; there is, however, considerable ques¬ 
tion as to the. efficacy of water as a means of fighting 
oil fires. Other liquids take the form of special prepara¬ 
tions, often generated on the premise at the time of 
fire, either by the mixture of two liquids or of water and 
a powder. Gaseous means are limited commercially 
to the use of carbon dioxide, which isheavierthanoxygen 
and serves to smother the &e when applied in sufficient 
concentration; it is th^efore particvdarly suitable in 
confined spaces where liquid might damage the appara¬ 
tus and/or where the gases emanating from some of the 
commercial liquid preparations would be obnoxious. 
The efficacy of all these fire-fighting fluids may be con¬ 
siderably increased by the installation of permanwit 
piping, designed to permit the direction of the fluid at 
the most advantageous point in case of fire. Whether 
or not the valves of this piping should be automatically 
operated depends not only upon the importance of the 
installation and the liability of a large fire, but also 
upon the proximity to a central attended installation 
and the attendant costs of automatic equipment for 
fire alarm as compared with the costs of automatic 
equipment for fire fighting in the unattended station. 

It is believed that the art of fire protection is develop¬ 
ing so rapidly, particularly in connection with unat¬ 
tended automatic stations, that no standards should be 
promulgated at this time by the American Institute of 
Electrical Engineers or oth^. It is thought that only 
by giving comparatively free rein can it be assured that 
progress will continue to be made in accordance with 
the best economic dictates. 

The attached Appendix A is a preliminary attempt to 
classify for further investigation or study, I. the causes 
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of fires, II. the spreading of fires. III. preventive 
measures, and IV. the extinguishing of fires. 

Appendix A 

I—Oauses of Fibbs 

A. Faulty Design 

1. Insufflcleiit spacing. 

2, No allowance for temperature changes. 

8. Reduced clearances from distortion due to short circuits. 

4. Oonductors or equipment improperly or insecurely suppozrted. 

5* weaJmess of mechanical structure or supiiorts; 

6. Insufflcient provision against heaving by frost, entrance of rain 

or accumulation of sleet. 

7. Cannon construction (by cannon construction is meant the 

arrangement of barriers or compartments in such a 

as to direct an a^c outward Into other equipment or into 

operating aisles). 

B. Faulty Equipment 

1. ' Improper design. 

2. Poor material. 

3. Defective materials or parts. 

4. Insufflcteat Insulation, spacing of parts, strength or 

capacity. 

5. Improper assembly. 

6. Improper and insufiQcient testing. 

7. Unnoticed failures as a result of testing. 

O. Improper Application of Equipment 

materiai—moisture absorbing, subject to chamica.! rtha.Ti g ft^ 
2. Wrong apparatus—type. size, rating. 

D. Aging of Apparatus and Material 

1. Deterioration of insulating material on conductors, supports 

windings. 

2. Corrosion of metals from action of air, moisture, electrolysis. 

3. Effect of moisture, gases and corona in hastening deterioration. 

E. Static Stresses 

1. Causing destruction of insulation. 

, 2. Collecting conducting material. 

F. Magnetic Stresses 

^ 1. Mechanical movement. 

2. Collecting conducting material. 

Or, Surges or Lightning 

1. Atmospheric conditions. 

2. Switching operations. 

3. Improper grounding. 

H. Arcs (other than flasihovers) 

1. Switching operations. 

2. Contactors. 

3. Commutators. 

I. Exceeded Eatings 

1. Exceeded current rating, overload. 

2. Overvoltage. 

3. Exceeded temperature rating. 

4. Exceeded time. 

J. Errors in Operation 

K. Failure of Apparatus Containing Oil 

(This Includes oU circuit breakers, oil switches, transformers, pot- 
heads, etc.) 

1. Insufficient amount of oil. 

2. Surplus amount of oil. 

3. Slopping of oil (mufflers, disdiarges). 

4. Dripping of oil on other apparatus. 

5. Lowering of ofl lev^ due to leaks, ssrphoning or intense cold. 

6. Freezing of oil. 

7. Carbonization of oil. 

8. Presence of moisture. 

9. Explosions due to arcs following short circuits. 

10. Poor contact. 

11. Puncture of bushing, 

12. Internal corona discharges. 

18. Internal earth fault. 

14. Internal short circuit. 

15. Phase interruptions due to mechanical failures. 

16. Short’-circuited laminations. 

(Not6: See other sections for failure of apparatus In general). 

Jj, Exposure to External Attadk 

1. Animals—^birds, rats, nests, etc. 

2. Foreign material thrown on equipment—stones, kite strings^ 

airplanes. 


M. Dirty Apparatus 

1. Dirt from coal piles, or adjacent industries. 

2. Boring action of metallic slivers. 

3. Causing reduced radiation. 

4. Causing flashovers. 

N. Spontaneous Combustion 

1. Oily waste or rags. 

2. Coal. 

O. Friction 

1. Lack of lubrication. 

2. Improper allnement. 

8. Dirt. 

P. Condensation 

1. Unheated conditions. 

2. Temperature changes In conduits. 

3. Unventilated conditions. 

4. Wrong materials. 

Q. Heating Equipment and Piping 

1. Failure of electrical heaters. 

2. Defective flues. 

3. Explosions of oil burners. 

4. Escaping steam or water from pipes. 

6. Broken fuel lines. 

E. Carelessness 

1. Improper tagging or operation (disconnects, etc.). 

2. Cigarettes, matches. 

S. Atmoshperic Conditions 

1. Fla^overs due to fogs, especially salt water fogs. 

2. Sleet or wind. 

T. Exterior Fires 

1. Adjacent buildings. 

2. Grass and forest fires. 

II —Spreading of Fibbb 

A. , I n flamm able MaterUd in Apparatus 

1. Insulating material in conductors, such as rubber and varnished 

cambric. 

2. Insulating supports or braces, such as wood. 

3. Oil OP inflammable compounds. 

B. I nflamm able Material in Construction 

1. Wooden buildings, compartments, or structures. 

2. Forms used dming construction. 

C. Insufficient Segregation 

1. Insufficient barriers, compartments, cells or rooms. 

2. Insufficient spacing between types or classes of apparatus. 

3. Improper grouping of equipment, wiring, etc. 

4. Improper drainage of oil, etc. 

D. Poor Housekeeping 

1. Eubbish during construction 

2. Accumulation of rubbish in operation. 

3. Storage of inflammable material. 

B. Panning Action of Ventilating Equipment, 

F, Lack of fire Extinguishing Apparatus. 

G. Failure to Announce Start of Fire. Smoke or Heat. 

Ill —^Preventive Measures 

A. Use of fire-proof or fire-resisting material in construction. 

B. Elimination of oil so far as possible, 

C. Keeping premises and apparatus dean. 

D. Segregation of apparatus. 

E. Correct design or application. 

F. Constant expert superrision. 

G. Careful inspection before and during installation. 

H. Periodic testing. 

IV —^BxTiNOuiSHiNa OF Fires 

A. Detection. 

B. Alarms. 

C. Accessibility. 

D. Automatic fire extinguishers—classification and suitability of each 

type. 

B. Hand-operated extinguishers—dassiflcation and suitability of each 
type. 

F. Drainage of burning oil. 

WiEB Designations 

Contributed by 0. J. Rotty and M. B. Reagan. 

The development of a unifom scheme Of wire designa¬ 
tions for station control wiring has been given some 
study with the idea that if a satisfactory scheme could 
be devised it should be offered for standardization. 
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The general use of such a scheihe would produce uniform 
marking of control wiring at all stations regardless of 
whether the panels were wired by different manufac¬ 
turers or by the user himself. This seems desirable for 
many reasons. The engineer la 3 dng out a new station 
or an extension to an old one would have to be familiar 
with only one scheme of wire designations and if the 
apparatus for a particular station was supplied by a 
number of manufacturers the wire designations would 
be alike for all the apparatus, resulting in simplification 
of interconnecting wires and common circuits. These 
points are also of importance to the construction or 
installation men, to the testing men, maintenance men, 
trouble shooters, etc. 

At present there are many schemes in use, with each 
manufacturer and many utilities and engineering or¬ 
ganizations having their own schemes all of which are 
different although some may have certain features in 
common. There seem to be many reasons why each 
scheme is preferred by its sponsor and why other 
schemes are objectionable. However, it is felt that a 
scheme can be devised which will fulffll practically all 
requirements and overcome the more important 
objections. The standard scheme must be of a gmieral 
nature and must be applicable to all kinds of stations; 
viz., railway, Edison, mining, hydro, a-c. distribution, 
and even steam plants. 

There is a number of points in the designation of 
wires on which there is fairly general agreement. 
These are briefiy as follows: 1. The scheme should be 
simple, easily xmderstood and applied and with few 
special cases or exceptions; 2. it should be flexible so as 
to permit of additions or changes to the control without 
completely revising the existing designations; 3. it 
shoidd provide the “tie-in” with or reference between 
the actual wire and the diagrams (either the wiring 
diagram, the schematic diagram, or both); 4. the wire 
designations should appear on the schematic (or ele¬ 
mentary) diagram. 

It also seems desirable that certain other ideas be 
worked into the standard scheme, which are briefly as 
follows: 1. The wire designation should be made up of 
as few digits as possible; 2. it should not be a compli¬ 
cated combination of letters and numbers; 3. it should 
preferably have some significance as to the apparatus 
or panel the wire connects to, although this appears to 
be difficult to devise and very likely an arbitrary scheme 
will be finally adopted; 4. operating and control buses 
and circuits of the nature of buses should be included 
in the standard scheme. 

This subject has been taken up by this committee 
only recently and the time has been insufficient for the 
development of a finished scheme. However, it is fdt 
that the work should be continued by the succeeding 
conunittee. 

Several closely allied subjects have presented 
themselves for investigation but lack of time has pre¬ 
vented work upon them. They are: 1 Wire group or 
conduit designations or numbers, and 2, wire color 


codes. It is felt that these should also be given some 
study with a view to suggesting standards for them. 

Research 

Contributed by M. E. Reagan. 

Research items to be studied and followed by the 
committee are divided under four main divisions. 
One object of investigation is to assemble data on opera¬ 
tion while another object is to establish the trend of 
automatic expansion in operation. For instancA , in 
the use of vacumn gas filled tubes in power and control 
systems, it will be the function of this committee to 
carefully record the various applications and keep ex¬ 
perience charts showing the growth of usefulness and 
their performance. 

The four general classifications are as follows: 

I. Automatic Control of Rotating Macliines (including mercury mro 

rectifiers). 

a. Synchronous converters. 

b. Motor>generator sets. 

c. Mercury-arc rectifiers. 

d. Hydrp-electric generators. 

e. Frequency-changers. 

f. Synchronous condensers. 

g. Balancer sets. 

h. Battery chargers 

1. Automatic end cell switches. 

II. Automatic Control of Static Machines. 

a. A-c. transformer substations. 

b. Periodic reclosing feeders. 

c. Static condensers. 

III. Network Protectors. 

IV. Supervisory Control. 

a. Temiinal apparatus. 

b. Channels. 

1. Fused lines. 

2. Private. 

3. Carrier, etc. 

Suggested Items. 

a. Curve of total installations by years. 

b. Curve of total leva, by years. 

c. Curve of per cent automatic to manual Installation by years. 

d. Curve showing rehabilitation of old units for automatic service. 

e. Curve showing per cent availability by years. 

f. Data on primary causes of outages, such as 

1. Line trouble. 

2. Main apparatus trouble. 

3. Control trouble. 

4. Due to testers or maintenance man. 

g. Performance data on fuses in control circuits. 

h. V'entilation as it affects “sweating'* of apparatus. 

i. General field testing of equipment expand last year’s report 

J. ' Data on vacuum tube applications of all types in control work 

TELEMETEEma IN CONNECTION WITH 

Load Dispatching 

Contributed by A. M. Garrett and 3 . 3 . Samson. 

In order that electrical systems, particularly those of 
the public utility and traction companies, function witii 
the highest degree of service standard and effidency, it 
is necessary that the. control of certain system operations 
be centralized. 

Such operating knowledge and duties as restoration 
of the service to normal during or following a case of 
S 3 ^m trouble; the interchange of energy between 
systems or parts of the same system; switching in and 
out of service of generating station or substation umt^ 
in accordance with load demands; the load quantities 
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existing in different parts of the system; the mainte¬ 
nance of proper voltage, frequency, temperature of 
equipment; adjusting the system to take care of con¬ 
struction work in connection with system extensions, 
maintenance and repairs, are some of the functions that 
must come under the guidance of this group. 

The majority of these functions is under the control 
of the load dispatcher or system operator who de¬ 
pends upon his knowledge of the operating condition 
of the system through the forces which actually operate 
it. This information comes to him in the nature of a 
I)eriodic cheek, generally by telephone. 

In recent years as the system develoiwd through 
growth and expansion, and in some instances through 
combination, the problems associated with the handling 
of these systems become more involved, so that the 
need for quicker and more accurate information as to 
the operating status of the system became apparent. 
In order to handle the situation intelligently, a con¬ 
tinuous record or “running account” so to speak was 
needed instead of a periodic sampling of .conditions. 
To meet these requirements telemetering or remote 
indication equipment has been developed and placed 
in service in many systems in this country in the past 
five years. To take care of these problems under the 
old method would mean quite a material increase in the 
load dispatchers’ force. 

Telemetering is a means of transmitting to a central 
control point over a communicating circuit or special 
conductors, infonnation necessary for the operation of 
the equipment, station or system. This may be elec¬ 
trical quantities (volts, amperes, watts, power factor), 
temperature, position of breakers, regulators^ or any 
other information that it may be desired to obtain from 
the system. 

It consists essentially of a transmitter at the remote 
end connected to the equipment from whiclji information 
is desired, a receiver at the control end and the connect¬ 
ing circuit. The quantity of energy to be measured or 
position of equipment to be indicated is converted to a 
voltage and current (suitable for telephone cable) 
whose value is proportional and is transmitted to the 
receiver which is calibrated to record the information. 

With a view to determining the trend of telemetering 
devi^ and methods, the committee decided that a sur¬ 
vey in the form of a questionnaire should be made of 
those companies now operating this class of equipment. 

The questionnaire covered the following points: 

1. What of the following do you use telemetering for? 

Totalizing load. 

Current and voltage conditions. 

Temperature of equipment. 

Position of switch gear. 

Tap changer and regulator positions. 

Uses other than above. 

2. State briefly the type of system and the principles 

of operation. 


3. What channels are used? 

Telephone lines. 

Transmission lines. 

Special conductors. 

State approximate distances of transmission. 

4. Is this system of aid in load dispatching? 

In what manner? 

5. What criticism do you have of telemetering? 

6. What, in your opinion, is the trend of develop¬ 

ment? 

The term “load dispatching” is understood to cover 
broadly the fimction of load control and switching 
operation which is dependent upon telemetering 
infonnation. 

This survey has just been completed and a total of 
36 companies canvassed. The following information 
has been compiled: 

Under uses or application we found approximately 
40 per cent of the companies xxse the equipment for 
determination of current and voltage conditions, while 
22 per cent of the installations were for totalizing load 
and 18 per cent were for position indication of 
equipment. 

Under types used, there seems to be a general use of 
direct current either in the form of balanced current or 
rectified current. 

As the connecting circuit between the remote end 
and the recdving end, about 30 per cent used active 
telephone circuits, while the remaining 60 per cent used 
special conductors. The distance of transmission varies 
from 600 feet to 16 miles with no special average. 

In answer to the direct question of whether the sys¬ 
tem was an aid in load dispatching, 60 per cent stated 
that it was, while the rest of the replies gave no opinion 
or indicated lack of experience due to the short time the 
equipment had been in service. 

In reply to the inquiry on criticism of the equipment, 
the survey showed little or no adverse expression. One 
point emphasized was the lack of high speed response 
with accuracy comparable to the usual Une of switch¬ 
board indicating instruments. Thereisatendency where 
high speed is desired to sacrifice somewhat the matter 
of accuracy. Another criticism was on the cost basis, 
the installed cost of the equipment running into 
“considerable money.” Especially is this true where 
special conductors are required over long transmitting 
distances. 

Improvements toward simplification of the present 
complicated.eqmpment, as means to greater reliability, 
was offered as one criticism. 

On trend of development, practically all replies indi¬ 
cated a favorable reaction to future development, es¬ 
pecially where extension to the system was in prospect. 
This applies particularly to the situation where inter- 
coimection is concerned. One reply mentioned there 
would be no future development for telemetering in 
this company as the type of distribution was being 
changed to an a-c. network whereby thesubstation would 
be eliminated. 
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In general, it can be stated that telemetering has 
established itself, and with extension of load control and 
switching operations made necessary through an in¬ 
crease in the size of systems, in interconnection between 
systems, and constantly increasing number of unat¬ 
tended stations, telemetering is proving a distinct aid 
in the solution of those problems of handling and operat¬ 
ing an electric system. 
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APWUAL REPORT OF THE COMMITTEE ON COMMUNICATION* 


I N accordance with the usual practise, this committee 
submits herewith a brief review of the developments 
during 1930 in electrical communication, 

TteLEiFHONB Service Improvements 

Telephone service was improved during the year by 
tibe application of new developments and methods and 
improved maintenance. The average time to complete 
toll calls was lowered by 12 seconds to a,n average of 
one minute. Improved maintenance methods have 
i^uced the frequency of troubles affecting subscribers’ 
lines so that a trouble now occurs on the average but 
once in 22 months, a reduction in trouble frequency of 
about 11 per cent as compared with 1929. 

Steady advancement in the quality of i^eech trans¬ 
mission was accomplished. On the longer haul toll 
business, unsatisfactoiy transmission conditions were 
experienced on only 1.5 per cent of the messages, com¬ 
pared with 1.7 per cent in 1929. One of the important 
factors contributing to this improvement was the insti¬ 
tution of a more effective method for controlling the 
amplification of ^eech on toll calls involving two or 
more long circuits. An improved general plan for the 
design and rearrangement of plant to handle calls be¬ 
tween remote points not connected by direct circuits 
was adopted. Under this plan, the number of inta*- 
mediate switches is minimized with a consequent 
improvement in speed, accuracy, directness of routing, 
and transmission. A paper describing this plan, by 
Mr. H. S. Osborne, was presented at the 1930 Summer 
Convention. (A. I. E. E. Trans., October 1930.) 


Subscriber’s Equipment and Services 


During 1930 the number of hand telephone sets in 
service increased to approximately 2,000,000 as against 
about 1,000,000 at the beginning of the year. The 
development of a tyi>e of hand set which would meet 
the electric and acoustic requirements of telephone 
practise in this country has involved the solution of 
diflScult technical problems. These problems have been 
concerned primarily with the suppression of singing s 
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for which the hand set has a tendency because of the 
rigid connection of the transmitter and receiver, and 
with the efiicient operation of the transmitter in a wide 
range of angular positions. These difiiculties have been 
successfully overcome through the application of a large 
amount of scientific work in the design of the hand set 
handle, the transmitting and receiving elements, and 
tiie electrical circuit connecting them. These achieve¬ 
ments have made it possible to use the hand set without 
any sacrifice in performance as compared with the desk 
stand set. 

For subscribers requiring a large number of atten¬ 
dants to take messages or orders, there has been made 
available an automatic call distributing arrangement 
associated with a simple type of attendant’s position, 
whereby calls are immediatdy connected to idle atten¬ 
dants or, if none are available, are held and subse¬ 
quently connected in the order in which they arrived. 

A new tsqje of private branch exchange suitable for 
larger residences and business offices of moderate size 
was made available during the year. No operator or 
attendant is required. Calls may be originated, an¬ 
swered, and transferred from any of the telephones. 
Intercommimicating calls are made by means of the 
dial. Complete privacy for both outside and inter¬ 
commimicating connections is provided. 

^ While arrangements have been available for some 
time for private branch exchanges whereby a number of 
telephones could be connected together simultaneously 
in a conference connection, these arrangements have 
been extended during the past year so as to enable the 
interconnection of a larger number of stations and to 
include more than one trunk circuit out of the private 
branch exchange. 

Central Office Systems and Apparatus 

During 1930 there was an increase of about 1,000,000 
dial stations, bringing the total to approximately 
6,665,000, or more than one-fourth of the total number 
of stations in this country. Besides the converaion to 
dial of additional portions of large cities, increasing 
use has been made of dial equipment in small com¬ 
munities where services requiring the assistance of 
operators can economically be handled from near-by 
centers. 

Further extensions have been made in the mechanical 
tandem facilities used primarily for service between 
the larger areas and neighboring suburban points. 
Arrangements are now in service for automatically 
inserting voice repeaters when required on calls between 
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the more distant points. Facilities are also included for 
completing calls to a variety of types of offices, either 
mechanically or by key sets at call distributing tandem 
positions. An installation of call announcer apparatus, 
described in last year's report, has been made in New 
York. The mechanical tandem also includes a trouble 
recorder which provides a continuous count of calls 
affected by various classes of irregularities and prints, 
by means of a teletypewriter, a complete record of the 
channels and equipment used by such calls. 

The panel system has been provided with a new t 3 pe 
of equipment known as the decoder for trandating the 
di^ts dialed by the subscriber into the electrical in¬ 
formation required for routing the call to various types 
of offices. Panel equipment in certain areas is also 
being arranged to permit subscribers to dial calls directly 
to distant zones which previously required the super¬ 
vision of an operator because of the additional charges 
involved.* The equipment is arranged to determine the 
number of message units corr^ponding to the charge 
to the zone in which the call terminates and to cause a 
corresponding number of operations of the message 
register. 

Time announcement systems for use in the larger 
areas have been modified by the addition of facilities 
for the distribution of announcements over a trunk net¬ 
work, eqmpped with repeaters to insure adequate 
volume and quality, so that one operator may furnish 
time announcements for a network of offices. 

An improved low-speed interrupter, utilizing mercury 
make and break contacts, has been developed for use 
in giving flashing signals to operators and in timing 
sequence operations. For producing tones used as 
signals to operators and subscribers, there has been 
devdoped an alternator which enables close control 
of the frequency, magnitude, and harmonic content of 
the tones. The field windings and the tone output 
windings of this alternator are formed on the stator, 
and the tone is produced by an unwound, toothed rotor 
which varies the magnetic flux in the tone windings. 

Privacy apparatus was put into service during the 
year on nearly all of the intercontinental radio tele¬ 
phone circuits operated out of this cotmtry. By means 
of this apparatus the radio waves transmitting conver¬ 
sations are so modified in their characteristics that if 
listened to with an ordinary radio set, speech is not 
intelligible. At the receiving end this process is re¬ 
versed and intelligible speech restored. “V^le this does 
not guarantee complete secrecy, it does furnish a con¬ 
siderable degree of privacy and represents an important 
step in advance. 

Another important toll equipment development was 
a new type of toll switchboard in which the use of 
smaller jacks makes possible a substantial increase in 
the number of trunks and toll lines appearing at each, 
toll operator’s position. Tandem positions are also 
provided through which an operator may secure access 
to any circuit not appearing in the toll line mriltiple at 
her position. 


Outside Plant Consteuction and Methods 

To facilitate the placing of tape armored toll tele¬ 
phone cables, a method has been developed whereby the 
trenching, laying of the cable, and the filling of the 
trench are simultaneously accomplished in one opera¬ 
tion. This method utilizes a tractor behind which are 
pulled the trailer suipporting the cable reel, the plow, 
and the drag which fills in the trench. From the reel, 
the cable is threaded through a pipe which leads it to 
the trench at a point directly in back of the plow. 
Under ordinary conditions it has been practicable, on 
the average, to lay more than one mile of cable per day 
with one outfit, using this method. 

A new method which utilizes a single tube sleeve has 
been developed for m ak i ng joints in aerial line wire. 
A hand operated rolling tool compresses the sleeve onto 
the wire in such a way as to provide a joint with no 
greater electrical resistance than a corresponding 
length of line wire and with a tensile strength at least 
equal to that of the wire. This new joint is expected 
to avert the electrical troubles now experienced with 
open-wire joints of the twisted sleeve type. 

An important step has been taken by the communi¬ 
cation intmests cooperating with other pole using utili¬ 
ties, and others connected with the pole industry, in 
arriving at uniform classification dimensions for wood 
poles of southern yellow pine, western red cedar, north¬ 
ern white cedar, and chestnut. This work was carried 
on by the American Standards Association. Standard 
fiber strengths lb. per sq. in. have been established as 
follows: 7,400 for southern yellow pine, 5,600 for 
western red cedar, 3,600 for northern white cedar, and 
6,000 for chestnut. These values have been accepted 
and made American Standards. 

Under the new classification, a pole of a given claims 
designation will have approximately the same breaking 
load regardless of pole length and species of timber. 
The adoption of the new grouping by all users of wood 
poles is expected to result in economies in the produc¬ 
tion and stocking of poles. The problems introduced 
by joint use will also be simplified as both parties to the 
joint use agreement will be using the same classification, 
whereas in the past this was seldom the case. Cost 
comparisons between the various species can be more 
easily made under the new classifications as prices may 
be directly compared dass for class, whereas under the 
old tables calculations had to be made to determine the 
class of equivalent poles of other ^ecies of timber. 

Long Distance Toll Cables 

About 5,000 miles of cable for toll use were added to 
the telephone system of this cormtry in 1930, bringing 
the total toll cable mileage to approximately 24,000 
miles. Induding the toll cable network on the Padfie 
Coast, which is connected with the toll cable network 
of the rest of the country by several individual and 
widdy separated opmi-wire toll routes, there are now 
129 out of 176 dties of the country having populations 
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of 50,000 or more connected directly into the toll cable 
network. The fourth telephone cable between Key 
West and Havana was completed in January 1931. 
The new cable is non-loaded and employs the recently 
developed paragutta insulation. It is equipped with 
camOT telephone apparatus which now provides three 
telephone message circuits, as well as one d-c. telegraph 
circuit. Provision has been made for the addition of 
other telephone circuits when needed. The telephone 
facilities now afforded by the single new cable are equal 
to those furnished by the three older cables in total. 
This gain in efficienry is brought about by improve¬ 
ments in the art of cable construction, including 
employinent of paragutta, as well as advances in the 
Application of carrier methods using high frequendes 
for multiplexing. 

About 35,000 miles of telephone circuit are now being 
i^gularly utilized for radio program transmission 
sendee and almost 200 radio broadcasting stations 
reedve programs from these chains of wire circuits. 
Heretofore practically all of this service has been 
furnished by means of open wires using voice-frequency 
channds. However, a new type of dreuit for toll 
cables has recently been developed which permits of 
transmission over long distances without material 
distortion of a frequency range from 50 to 8,000 cycles, 
at the same time transmitting a volume range of about 
40 db. (energy ratio 10,000i to 1). These charactOTstics 
are dedrable for the satirfactory transmission of music 
where the frequency and volume range requirements are 
much greater than in the case of speech. This new 
tsrpe of cable dreuit is loaded at 3,000-ft. intervals and 
spedal repeaters are placed at approximately 50-mile 
intervals. Assodated with each repeater is an attenua¬ 
tion equalizer and a delay equalizer, which correct for 
the attenuation and delay diffa%nces at different 
frequaides. A paper on this subject, by Messrs. 
A. B. Clark and C. W. Green, was presented at the 
1930 Summer Convention (Au I. E. E. Trans., October 
1930, p. 1614.) 

Cabbibb Telephone and Telegraph 

During 1930 about 160,000 channel miles of earner 
telephone fadlities and 400,000 channel miles of carrier 
telegraph facilities were installed in the United States. 
Recent improvements of carrier circuits involve , im¬ 
proved transposition arrangements and the introduc¬ 
tion of 8-in. spacing of wires in place of the 12-in. 
spadng. This latter development permits an increase 
in the number of fadlities obtainable from a given 
number of wires on a pole line. 

The • operation of voice-frequency carria* telegraph 
over the channels of high-frequency carrier tdephone 
systems has been successfully applied. For example, 
each of the three two-way channels of a carrier telephone 
system has been filled with 12 c^er telegraph chan¬ 
nels. Such a pair of wires accommodates a duplex 
d-c. telegraph circuit, an ordinary two-way message 
^ephone dreuit and 36 duplex carrier M^aph 


channels which if multiplexed would afford means for the 
transmission of about 7,600 words per minute for the 
tdegraph fadlities alone. 

A paper by Mr. E. I. Green, discussing the trans¬ 
mission characteristics of open-wire telephone lines, and 
a paper by Mr. L. T. Wilson, discussing telephone line 
insulators, were presented at the 1930 Summer Con¬ 
vention. (A. I. E. E. Trans., OctobCT 1930.) 

Intercontinental Telephony 

Most notable of the advances made during 1930 in the 
intercontinental telephone field was the opening on 
April 3 of service to South America. This service is 
provided by a short-wave radio circuit operating 
between the transmitting and reedving stations at 
Lawrenceville and Netcong, New Jersey, and coire- 
sponding stations near Buenos Aires, Argentina. The 
ratio portion of this circuit is 5,300 miles in length and 
it is therefore, the longest dreuit now operating from 
the North American continent. The transmission 
characteristics of this circuit are, however, somev^hat 
better than those of the short-wave dreuits betwe^ the 
United States and England, due principally to the fact 
that the transmission path of the South Ameriesm dr¬ 
euit is further removed than is that of the North 
Atlantic dreuit from the polar regions and the adv(erse 
infiuences of magnetic storms. PurthCTmqre, the South 
American circuit, running nearly along the m^jjian, 
experiences a more uniform condition as to daylight 
or darkness. As a result of these factors, extreme 
variations in transmission, which form an important 
problem on the east- and west-bound radio circuits, are 
matoially reduced on this dreuit. 

At Buenos Aires the radio circuit connects with wire 
and cable circuits to more than 825,000 telephones in 
the Argentme Republic, Chfle, and Uruguay, including 
the dties of Santiago and Idontevideo. 

Another feature of interest during the year w^ the 
establishment of i^dip communication between', the 
United States and Australia by way of London. At 
London the transatlantic circuits are connected to a 
London-Sydney short-wave radip drcuit, which at 
Sydney connects in turn with the wire ne^ork of the 
Austr^ian Telephone Administration..TWs con^jned 
circuit is approximately 14,000 miles in len^h. .', . 

Four papers, discussing transoceanic telephone service 
in its various aspects, were presented at the 1930 
Winter Convention by Messrs. T. G. Miller, Ralph 
Bown, A. A. Oswald, and F. A. Cowan. 

By the end of 1930, many parts of the world had 
been linked together by radio-telephone dreuite in 
addition to those mentioned above. Most of tixese 
circuits have one end in Europe, far ends in such distant 
places as Brazil, Argentina, Australia, New Zealand, 
Siam, Indo-China, Java, and A^ers. Not all of these 
circuits are yet connect^ with the telephone systems 
at their terminals, and they dpnotiaU, therefore, possess 
to the same degree the univksal accessibility and 
utility of those radiating from North America.: 
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Ship-to-Shorb Radio-Telephone Systems 

A novel t 3 ?pe of ship-to-shore service was inaugurated 
in the middle of the year through the equipment with 
radio-telephone apparatus of a New York City fire- 
boat. This equipment is arranged to enable contin¬ 
uous two-way telephone service between the master 
of the fire-boat and his land headquarters when the 
boat is under way. By means of this close communi¬ 
cation, it has been possible to coordinate the efforts of 
the land and marine fire forces more effectively. As a 
result of the demand for telephone service of this kind 
in important harbors, both for harbor craft and ocean¬ 
going vessels, plans have been made for opening to such 
service in 1931, radio-telephone stations at Los Angeles, 
San Francisco, Puget Sound, and New York. 

Commercial telephone service between ships at sea 
and the telephone system of the United States was 
extended during 1930 so that this service is now avail¬ 
able to five ships: the Leviathan, Majestic, Homericj 
Ol 3 unpic, and Belgenland. Several organizations are 
involved in the provision of this service: the Inter¬ 
national Marine Radio Company, a subsidiary of the 
International Telephone and Telegraph Company, the 
Marconi Company, and the American Telephone and 
Telegraph Company. The shore stations are operated 
by the American Telephone and Telegraph Company on 
this side and by the British Post Office on the European 
side. During 1930, construction of a new land station 
at Ocean Gate, New Jersey, to care for transmission 
from shore to ship was completed. As in all radio¬ 
telephone transmitting stations, the antennas at this 
new station have a marked directional characteristic, 
the transmitted waves in this case being directed so as 
to traverse the North Atlantic shipping lanes. Four 
different wavelengths are used for transmission, rang¬ 
ing betw;een 17.5 and 63 meters. Generally speaking, 
reliable transmission has been obtainable at distances 
from New York up to about 1,000 miles, correspond¬ 
ing with two days' sail. While satisfactory talks have 
been made at distances of 2,500 miles or greater, trans¬ 
mission at such distances has not been uniformly good. 

A paper by Messrs. William Wilson and Lloyd 
Espenschied, discussing radio-telephone service to 
ships at sea was presented at the Northeastern District 
Meeting in May 1930. 

Telegraphy 

During 1930 all Western Union tickers handling 
New York Stock Exchange service in the United States 
were converted to the high-speed t 3 rpe. This permitted 
increasing the output of stock quotations from 300 to 
500 characters per minute. In the field of telegraphic 
distribution of quotations and other market informa¬ 
tion, many improvements in apparatus and methods 
of operation were developed and applied during the 
year which resulted in a reduction of manual handling, 
greater output and extended operation into territory 
not heretofore reached, including quotation service to 
Cuba. 


There has been a considerable expansion during the 
past year in the use of automatic quotation boards for 
electrically indicating market prices and this service 
has been extended to a number of other cities in 
addition to New York, whore the first boards were 
installed. 

Numerous additional installations have been made 
of concentration equipment for printing telegraph 
circuits. A description of the apparatus used for this 
purpose is contained in the paper entitled A Printing 
Telegraph Conceniralor presented by Mr. W. B. Blanton 
at the Winter Convention in January 1931. 

The Weston Union Telegraph Company has de¬ 
veloped a method whereby channels of a multiplex 
system circuit may be automatically repeated and 
extended individually over single wires by means of 
simplex printers to offices. Circuits from several 
offices using simplex printers may be grouped at a 
central point and combined into a multiplex circuit to 
a distant central office. This system will give many 
small offices direct outlets to the large centers which 
could not have been economically provided with 
previous methods. 

During the year there was a marked increase in the 
tendency to employ, in place of direct current telegraph 
to outl 3 dng points superposed on telephone circuits, a 
method of operation which is called “two-path polar 
operation." This involves the use of independent one¬ 
way polar circuits for the two directions and affords 
improved sawice with a lower maintenance cost as 
compared to the usual polar duplex method. 

Several methods of measuring the quality of tele¬ 
graph transmission have been developed. One form 
of apparatus which has been found very effective both 
in the laboratory and the field was described by Mr. 
F. B. Bramhall in a paper entitled Telegraph Trans¬ 
mission Testing Machine, presented at the 1931 Winter 
Convention. 

A paper describing various technical features in 
coimection with the submarine high-speed duplex 
telegraph cable between Bay Roberts, Newfoundland 
and Horta, Azores was presented at the Winter Con¬ 
vention in 1981 by Messrs. J. W. Milnor and G. A. 
Randall. At the same convention, Mr. Milnor pre¬ 
sented a paper on the influence of interference in 
submarine cables. 

In addition to the statewide police telet 3 T)ewritOT 
systems in Connecticut and Pennsylvania, an extensive 
S 3 rstem of about 30 stations was installed last year in 
New Jersey for the New Jersey State Police. There 
is an increasing number of large city police networks, 
such as those of New York City, Boston, Buffalo, and 
St. Louis. The United States Coast Guard also has 
such a S 3 '^tem in use along the New England Coast. 

Progress has been made in the development of switch¬ 
boards for telet 3 T)ewriter service to pennit the inter- 
comiection of these machines in a manner similar to 
that by which tdephone instruments are interconnected. 

A new type of belt convejrer has been developed by 
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the Western Union Telegraph Company for carrying 
td^rams between the various parts of the central 
office. In tto conveyer messages are carried along 
between a steel channel and a moving flat belt about 
hi. wide, the motion of the messages being due to 
their sliding along the steel channel with practically no 
friction while adhering quite flrmly to the belt. The 
messages can be taken around vertical or horizontal 
turns as well as through vCTtical and horizontal twists. 

Municipal and Protective Signaling 

There has been a steady increase in the use of elec¬ 
trical traffic signals. In the larger cities there have 
been several installations of flexible progressive systems, 
while in smaller places and in outl 3 dng sections of the 
larger cities, the detached intersection type of signal 
is still largely used. For important intersections and 
through traffic highways, vehicle controlled signals have 
been f^ly successful but are expensive to install and 
maintain, as compared with the predetermined period 
signals. Vehicle control of signals obtained otherwise 
than by switches imbedded in the street surface, such 
as light beam control, has been tried out. 

There has been a considerable use of electrical caution 
flashers in place of earlier tsnpes employing compressed 
gas, and practically all new installations are electrical. 
More illuminated caution signs are being installed and 
cheaper methods of illumination than by the neon tube 
method are being investigated 

An important development of the past year concern¬ 
ing municipal fire alarms, has been the production of 
signal boxes and central office control apparatus, mak¬ 
ing effective use of ground return to send in alarms at 
such times as the circuit is in abnormal condition. 
Previous attempts to accomplish this introduced some 
abnormal condition on an otherwise normal circuit. 
This defect has now been practically overcome, and 
signal boxes have been developed that will operate in 
the usual manner on a normal circuit while at the same 
time they will transmit signals over a grounded, short- 
circuited or broken circuit without the necessity of 
making any temporary alt^ations at the signal box. 
While this development is too recent to be able to 
judge of its effects, it may permit of more leeway in 
circuit construction than is now considered safe, such 
as the installation of both sides of a circuit in the same 
aerial cable. The importance of this improvement may 
be estimated when it is considered that foes often occur 
at times when circuit conditions are apt to be disturbed 
by storm, explosion, or accident. 

The use of single battery with trickle charger in place 
of duplicate battraies charged altanately by motor- 
generators is increasing with consequent increase in 
battery life. 

The use of rectifiers and floating batteries or of 
transformers and a-c. circuits in connection with insti¬ 
tutional fire alarms has progressed to such an extent 
that practically all new installations make use of 
public electric supply for the operating current in 


preference to primary batteries or to storage battmes 
charged from motor-genffl^tors. The practise of con¬ 
necting automatic sprinkler alarm valves to municipal 
fire alarm boxes so that an alarm will be sounded auto¬ 
matically for any appreciable flow of water, has spread. 

Experiments have been made on improved flash-light 
mechanisms for calling patrolmen to signal boxes. 
One such system has been installed lately in Boston. 
This permits any citizen desiring to call a policeman to 
operate an exposed lever which starts the flash-lights 
blinking the number of the signal box from which the 
call is made. 

Television 

Further advance was made in television as an acces¬ 
sory of telephone conversations by the development of 
means whereby two people at a distance enabled 
both to converse and to see one another as if seated face 
to face in the same room. One of the interesting 
problems encoimtered in this development was that of 
sufficiently illuminating the faces of the parties engaged 
so that their images could be transmitted without, at 
the same time, dazzling their eyes to such an extent 
that they would be unable to see before them the image 
of the other party. This difficulty is met by employing 
blue light for scanning the faces of the parties. While 
the eyes are relatively insensitive to this color, the 
photoelectric cells used to pick up the light reflected 
from the face and generate the television signals are 
highly sensitive to it. Concealed microphones and 
loud speakers connected by four-wire telephone circuits 
are used in place of conventional telephone instruments 
to provide the talking portion of the system. The 
problem of operating a loud speaker and a sensitive 
microphone in the same small booth in such a manner 
that a self-sustaining singing circuit would not be 
created has been solved by specially treating the walls 
of the booth to prevent the reflection of sounds into the 
transmitter and by so locating both transmitter and 
loud speaker that the transfer of soimd between them 
is minimized. While the experimental system is only 
two miles long, the television apparatus will function 
satisfactorily over distances of hundreds of miles when 
connected by suitable circuits as was shown by 
the one-way demonstration between New York and 
Washington. 

Three papers dealing with television, by Messrs. 
H. E. Ives, F. Gray, M. W. Baldwin, H. M. StoUer, 
D. G. Blattner, and L. G. Bostwick, were presented 
at the 1930 Summer Convention. (A. I. E. E. TbANS.. 
Oct. 1930.) 

Airplane Radio-Telephony 

Development of telephone communication with air¬ 
planes continues to progress, and it has been found to 
be of very great importance for communication between 
transport planes and ground stations. Two-way radio¬ 
telephone apparatus for conununication between planes 
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and ground has been developed and supplied for equii)- 
ping a comparatively large number of planes. The 
value of such equipment may be indicated by the fact 
that legislation provides for increased revenue to air 
mail contractors flying planes equipped for two-way 
radio communication 

Two papers on this subject were presented during 
the year, one by Mr. R. H. Freeman at the Pacific 
Coast Convention, the other by Mr. Eugene Sibley 
at the Middle Eastern District Meeting in October. 

Synchronizing Radio Broadcasting Stations 

There has been considerable experimental work 
earned on during the past year by the prominent radio 
organizations along the line of s 3 mehronizing broad¬ 
casting stations so that the same radio program may be 
broadcast from different stations operating at the gamp 
frequency. Best results are obtained only with a high 
degree of synchronism between the carrier frequencies 
of the different radio stations. In certain of the more 
successful experiments the control of the radio station 
frequencies has been carried out by sending over wire 
circuits standard frequencies of 4,000 or 5,000 cycles 
which, at the radio stations, are stepped up and used 
either directly to provide the radio carrier or indirectly 
to control the frequency of a local oscillator. While 
it is evident from the tests which were made that line 
circuits can be used very satisfactorily for transmitting 
control frequencies, certain requirements are imposed 
on the radio station frequency step-up equipment to 
iron out minor line fluctuations, which are, of course, 
greatly exaggerated when the frequency is raised from 
the relatively low frequency transmitted over the lines 
to the radio frequency of from 500 to 1,000 kilocycles. 

Standardization op Radio Terms 

During the past two years the Standardization Com¬ 
mittee of the Institute of Radio Engineers has had 
under way a complete revision of definitions of terms, 
abbreviations, symbols, and methods of measurements 
and tests. A preliminary report of this work was issued 
in December, 1930. 

Foreign Communication Matters op Interest 

During the year international service was extended 
in Central America by the interconnection of Guatemala 
and El Salvador. In Mexico the subscribers of a second 
large network were given access to the United States 
and all points reached therefrom. 

Conference toll service or multiple telephone service 
was established in the Netherlands. By means of this 
system from three to six subscribers in the same or 
different cities may be interconnected at the same time 
so that any one of the subscribers may be heard by all 
of the others. 

Picture transmission service was extended in a num¬ 
ber of countries, particularly in Japan. 


In Europe the toU cable network was inci^eased 
during the year by 6,000 to 8,000 kilometers. Two 
additional submarine cables were placed aerpi^ the 
English Channel and one was placed between Sweden 
and Germany. 

A complete rotary automatic exchange sj^tem was 
installed in Vatican City and connections were estab¬ 
lished with the international network. 

Direct dialing over long distance telephone lines was 
successfully demonstrated in Europe and installations 
were made in several countries. Toll dialing has been 
employed in the United States to a limited extent for 
a number of years. 

Transatlantic radiortelephone service was extended 
to include a number of new countries in Europe and to 
reach additional points in countries to which' service 
had previously been given. Connections to points 
within the Arctic Circle became possible for the first 
time when transatlantic radio telephone service was 
extended to include all of Sweden. 

During the year the International Telephone and 
Telegraph Corporation, in cooperation with the govern¬ 
ment administrations concerned, opened direct radio¬ 
telephone links connecting Buenos Aires with Paris, 
Berlin, and London. These additional links between 
South America and Emope not only decrease the use 
of long land lines formerly requir^ to serve points 
distant from the radio terminal, but greatly increase 
the reliability of the international connections as a 
whole. When, because of atmospheric disturbances 
or for other reasons, one link is unable to give commer¬ 
cial service, the traffic may be routed over one of the 
other links. The question of allotting the traffic over 
the different circuits and adjusting rates so that the rate 
between two points will not depend upon the routing of 
the call has been by no means a simple one, but with 
the cooperation of the various government adminis¬ 
trations much progress has been made. 

Commercial service was made available between tele¬ 
phone subscribers in Chile, Uruguay, and Argentina, 
and subscribers in Belgium, Denmark, Switzerland, 
Austria, Lithuania, Poland, Esthonia, Norway, Sweden, 
Czechoslovakia, and Jugoslavia through one or another 
of the four direct links from Buenos Aires which, of 
course, also serve Spain, Prance, Germany, and Great 
Britain. 

Commercial telephone service was opened to some 
of the Canadian National Railway express trains and 
equipment for the reception of broadcast programs on 
moving trains was provided in a number of countries, 
including Jugoslavia, Italy, and Austria. 

During the year technical development work con¬ 
tinued to prepare for improvements in existing appmu- 
tus and methods as well as to explore new fields, such 
as signaling and dialing over radio-telephone circuits, 
and the use of the so-called ultra short waves, those of 
under five meters. 
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Cooperation Between Wire Using Companies 

The many problems arising in coordinating the wire 
plants of the power and teleplione companies led to the 
formation of the Joint General Committee of the 
National Electric light Association and Bell Telephone 
System in 1921. Since that rime an extensive program 
of investigation has been in progress and many im¬ 
portant results of this work were published in 1930 as 
Volume 1 of Engineering Reports of the Joint Sub¬ 
committee on Development and Research, A review 
of the work of this subcommittee was given in a group 
of four papers presoited at the 1931 Winter Convention 
as a S3nnposium on the coordination of power and 
telephone plants. 

During the last two or three years three other Joint 
General Committees have been organized with the 
general objective of working out methods of procedure 
for the coordination of wire plants. These are the 
Joint General Committee of the Western Union Tele¬ 
graph Company and tiie National Electrical light 
Asso(^tion, the Joint General Committee of the 
American Railway Association and National Electric 
light Association and the Joint General Committee 
of the American Railway Association and the Bell 
Telephone System. These committees are proceeding 
with the formation of the fundamental bases of pro¬ 
cedure for the cooperative handling of mutual problems 
between the uriliries concerned and the carrying 
out of such development and research work as appears 
to be necessary in connection with the problems 
involved. 


Applications op Probability Theory in Telephone 
Practise 

The importance of the probability theory and the 
related theory of statistics in telephone practise are, in 
a general way, well known by the engineering profes¬ 
sion. However, a short rdsumd of the matter togeth®* 
with a brief statement of additional applications made 
during the last year may be welcome. 

The oldest and best taown applicarion of the theory 
in the art of communication is its use in the determina¬ 
tion of the loads which can be placed on various manual 
and dial trunking arrangements in order that efficient 
service be rmidered. Unbalance effects on loaded cir¬ 
cuits and other transmission lines of periodic structure 
also give rise to linear and other types of error function 
problems for the solution of which recourse to proba¬ 
bility theory must be had. 

The scheduling of adequate sampling plans for 
determining the quality of telephone equipment at 
various stages of its manufacture, after delivery to the 
operating companies and afto* installation, make heavy 
demands on probability and statistical theory. Within 
the last year extensive sampling schedules have been 
made for determining the extent to which the human 
factor in the telephone business is performing its 
assigned functions. For example, sampling theory is 
now being applied with reference to the performance of 
the repair clerk and test desk man, the quality of work 
done by installers and repairmen, the quality of sub¬ 
scribers’ contacts in commercial offices and the quality 
of directory printing and delivery service. 
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T his report consists of two sections; the first deal¬ 
ing with the Organization and Policies, and the 
second with the Progress of the Art. 

I. Organization and Policies 

During its first three years, this newly created com¬ 
mittee has gradually extended its field of action until 
the field overlapped that of various technical com¬ 
mittees of the American Welding Society. It was 
n^essary, therefore, to establish a clear understanding 
with the A. W. S. in order to create an ^change of 
information and to avoid duplication of effort. It 
became apparent that it would he more profitable to 
leave such problems as the metallurgy of the welding 
processes, methods of testing the completed welds and 
organization of the procedure control, to the com¬ 
mittees of the A. W. S. 

Our efforts have been concentrated, therefore, on 
sponsoring the advancement of the theory of the elec¬ 
tric arc, the design of the electric wdding apparatus and 
the use of electric welding processes in the manufacture 
of electrical machinery. 

The gathering of all available information on the 
progress of the art and the presentation of these facts 
through the medium of our annual report to the whole 
membership of the Institute is another important func¬ 
tion of this committee. 

As the activities of our committee have increased, it 
was felt at the beginning of the present fiscal year that 
the time had come to organize several subcommittees 
composed of physicists and engineers especially inter¬ 
ested in one of the above specific problems. The com¬ 
mittee as a whole has been concerned witii the general 
siuvey of the advance in the progress of the art. 

The present oi^nization of subcommittees is as 
follows: 

Research (Phenomenon of the Electric Arc) Dr. S. 
Dushman, Chairman, Dr. J. Slepian, Mr. H. M. 
Hobart, Mr. W. Spraragen, Mr. A. M. Candy. 

Electric Welding Machinery (Designs of) Prof. P. 
Creedy, Chairman, Mr. J. C. Lincoln, Mr. A. M. 
Candy, Mr. A. Churchward, Mr. H. M. Hobart, 
Mr. K.L. Hansen. 

Resistance Welding. Tbe subcommittee on Retis- 
tance Wel ding has only been partly organized with 

•COMMITTEE OE EtECTRIC WELDING: 

P. P. Alexander, Ohadrman, 

O. A. Adams, K. L. Hansen, Bmest Limn, 

A. M. Candy, H. M. Hobart, B. T, Mottinger, 

Alexander Olmrchward. O. J. Holslag, J. W. Owens, 

P, Creedy, J. B, Kearns, J. Slepian, 

S. Dushman, J. O. Uncoln, William Spraragen, 

P, M. Parmer, H, W. Tobey. 


Mr. E. Lunn and Mr. H. W. Tobey gathering prelimi¬ 
nary information. 

Papers 

Through the efforts of the members of our committee, 
a symposium on welding was presented during tiie 
Winter Convention of the Institute. A paper by 
Dr. G. M. Shrum and Mr. H. G. Wiest, Jr. was pre¬ 
sented by Dr. S. Dushman which related to the new 
experiments of the phenomenon of the electric arc. 

Three papers were presented by Mr. J. H. Blanken- 
buehl^, Mr. S. R. Bergman and Professor P. Creedy 
on the subject of the design of electric welding 
generators. 

Two papers by Mr. M. Thomson and Mr. S. Martin, 
Jr. were on the subject of the resistance welding as 
applied in the manufacture of electrical apparatus. 

Anotherpaperonthedetignof the elecbdc welding gen¬ 
erator was published in the Journal of the A. I. E. E. 
prior to the above Convention, by Mr. C. J. Holslag. 

II. Progress op the Art 

General 

The past year was characterized, first, by an out¬ 
standing improvement in the quality of the welds pro¬ 
duced by various metibods, secondly, by the refinement 
in the detign of electric welding equipment, and 
thirdly, by the unprecedented expansion in the use of 
the resistance welding process. 

The methods of testing and the procedure control 
attained such r^ements that the quality of the welds 
produced on pressure vessels can be checked with 
aceuraqy. 

The most outstanding accomplishment in the firid of 
application of the electric arc in the past year, is the 
fabrication of 24 all-welded steam boilers by the 
Babcock & Wilcox Company for the United States 
Navy for installation on the new scout cruisers. 

In the past, the arc welded oil stills for high pressure 
were manufactured successfully for a number of years 
by the A. 0. Smith Corp., yet it is the first time that 
high-pressure steam boilers were fabricated by the 
electric arc and installed on the fighting ships. 

Improvement in the Quality of Arc Wdds 

Arc welding was introduced into general use in this 
country during the World war. The first attempts to 
adopt the European method of welding with heavily 
fluxed electrodes, did not meet with general approval. 
Instead, the tedmique of welding with bare wire elec¬ 
trodes was developed to such an extent that practically 
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all the arc welding in this country was done, tintil 
recently, by that method. 

Since the tensile strength of the welds produced 
with such electrodes is about the same as that made by 
the most expensive heavily fluxed electrodes of 
European make, for many applications the bare wire 
is entirely satisfactory. It should be noted, however, 
that both bare wire electrodes and heavily fluxed elec¬ 
trodes of European make produced welds lacking in 
ductility. 

With the extension of the fleld of application of arc 
welding, it soon became apparent that for the use of 
arc welding on such structures as pressure vessels, elec¬ 
trodes of different types would be needed. Over ten 
years ago, work in this direction was started by the 
Electric Arc Cutting & Welding Co., Wilson Welder & 
Metals Co., and some other concerns and individual 
investigators, each of whom produced a new t3T)e of 
heavy or lightly covered electrode. These electrodes 
had certain advantages over the bare wire electrodes. 

Decided advance in the improvement of the quality 
of the welds was made a few years ago by the Ceneral 
Electric Co. with the hydrogen gas shielding of the 
weld, by A. 0. Smith Corp. with spedai wood pulp 
covered electrodes, and by several other individual 
investigators and concerns, each of whom developed 
in the last year or two, a very efficient type of fluxed 
electrode giving welds of high ductility, a quality which 
is absolutely essential for work on steam boilers and 
many other ts^es of pressure vessels. 

At the present time, several manufacturers of pres¬ 
sure vessels, in advertising their welds guarantee a 
ductility unheard of only a few years ago. The General 
Electric Co., A. 0. Smith Corp., Blaw-Knox Co., 
Struthers-Wells Co., Kellog Company, Fusion Welding 
Corp., The Lincoln Electric Co., and Babcock & Wilcox 
Co. are probably only a part of the list of concerns now 
producing highly ductile welds. This advance in the 
quality of the produced welds opened new fields for 
arc welding, of which the steam boilers for the United 
States Navy is an outstanding example. 

Resistance Welding 

The welds produced by this process are of the highest 
quality with respect to strength, ductility and resistance 
to fati^e. The development, therefore, consisted 
mostly in the improvements in the design of the welding 
machines and application of such machines in new 
fields. 

The most outstanding feature of the past year was 
the great development of welding pipes by the resis¬ 
tance process. Several machines up to 6,600 kva. each 
have been built for welding, by the flash welded process, 
longitudinal seams 40 ft. long. By the use of such 
machines, a weld 40 ft. long is produced simultaneously 
all along the seam and in less than one minute on pipe 
some 24 inches in diameterand of a plate up to inch 
in thickness. Similar resistance welding rharliinpp of 
1,200-kva. capacity wdd circumferential seams of 


similar pipe. All the electrical parts for the above 
machines have been built by the Swift Electric Welder 
Company. A spot welder of 800 kva. with electrodes 
of Zyi inches in diameter, which probably is the largest 
machine ever built in this country, has been success¬ 
fully built by the same Company for special heavy 
welding work. 

Oth«: concerns (amongst which the Thomson-Gibb 
Electric Welding Co. is the pioneer), developed the 
continuous method of seam welding. This last method 
had previously been used on a large scale for welding 
thin, walled tubing. Within the last year, this method 
h^ been applied to the continuous seam welding of pipe 
of consid^ble diameter and wall thickness. At the 
present time, several manufacturing concerns are pro- 
dudng welded pipe up to 40 ft. long and it is expected 
that by butt welding two of such lengths in the factory, 
a pipe of 80 ft. long will be available for construction 
worL 

This great development in the welding of indus¬ 
trial pipe by the resistance process , was due to the 
decision of several large concerns to extend the pipe 
lipes for transportation of natural gas and gasoline 
from the producing areas to the consuming districts 
over 1,000 miles away; 

This development should be of especial interest to 
engineers since it indicates the possibility of transmis¬ 
sion of power over longer distances by gas than have 
been accomplished by the electric current. 

As was remarked by a well-known consulting engi¬ 
nes, the electrical engineer shoidd rise to the occasion 
and surpass gas with respect to distance and amount 
of power transmitted. He has plenty of as yet unde¬ 
veloped alternatives to the 60-cycle synchronous system 
as at present employed. 

The imstanee welding process is being further de¬ 
veloped in the application to the automobile industry 
where it greatly outdistances all the other welding 
processes. Another important field of application of 
reristance welding is the manufacture of wire goods 
whi^ comprises even such fields as the welding of wire 
netting for reinforced concrete. Machines making up 
to 24 welds simultaneously have been built and are in 
successful use. In the fabrication of electrical machin¬ 
ery, the reastance process has already been applied 
on a large scale to the manufacture of small trans¬ 
former tanks. The application of this process has a1ar> 
extended to the fabrication of motor magnet frames. 

Structural Steel Welding 

In the field of structural steel, arc wdding has 
already proved to be entirely sati^actory, and there¬ 
fore, received further important applications. All arc 
welding of this type of construction is done with entire 
satisfaction with the bare wire electrodes. 

Amongst the high buildings erected during the past 
year, (partly by welding and partly by riveting) are 
the buildings of the Southern California Edison Co., 
the Edison Electric & Illuminating Co. of Boston, and 
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the DuPont Corporation at Wilmington, Ddaware. 
The highest building entirely welded was erected by 
the Dallas Power & light Co. This building has 19 
stories and measures 246 feet above the foundations. 
The Westinghouse company erected several industrial 
and office buildings, all entirely welded. The highest 
of these buildings measures 190 feet above the founda¬ 
tions. It should be noted that in the erection of the 
buildings, only very few welding machines are nec^- 
sary. In the erection of the 19 story building at Dallas, 
only four arc welding machines were used. 

Shipbuilding 

In the shipbuilding field, arc welding is being ex¬ 
tended rapidly and all our shipbuilding companies such 
as the Newport News Shipbuilding & Drydock Co., 
The Bethlehem Shipbuilding Co., and many others as 
well as the U. S. Navy Yards, are using arc welding 
quite extensively for fabricating various internal struc¬ 
tures on ships. On smaller ships, the electric arc has 
been used successfully even in welding the hulls. 

The Electric Boat Company, at Croton, launched 
during the past year, an all welded barge, 118 ft. 
long, of Ewertz patented design. The Federal Ship¬ 
building & Drydock Co., at Cumey, N. J., welded a 
number of barges, and the Standard Sted SMpbuilding 
Coip., of Los Angeles, completed an all-welded 66-ft. 
yacht. 

The application of arc welding in shipbuilding 
requires a careful study of the design of the welds and 
the details of the technique of welding. The long welded 
seams characteristic in this type of construction may 
be subject to high inteimal stresses and therefore should 
be produced by the best known methods and electrodes. 
The amount of welding per ton of steel in shipbuilding 
is very much greater than in the erection of buildings 
where only the short welds are necessary. It may be 
expected that in the construction of barges and small 
vessels for internal navigation, arc welding will soon 
outdistance riveting. 

Automatic Machines, Alloy Electrodes and Special Are 
Tordies 

The design of automatic arc welding machines ad¬ 
vanced stiU further and several concerns are now 
manufacturing either full automatic or semi-automatic 
machines of a very efficient design for use with metallic 
electrodes. The Lincoln Company made further im¬ 
provements in automatic carbon arc welding Tnachiuftfi 
which produce welds of high ductility, and the General 
Electric Company applied the atomic hydrogen process 
to automatic welding as well as for hand welding. 

The development of special alloy electrodes for hand 
welding as illustrated by the Stoody process, made con¬ 
siderable progress. The surfacing of various parts of 
machines subject to wear and abrasion with hard sur¬ 
faces in certain cases can be successfully accomplished. 

The development of special torches for use of incGrect 
arc (similar to the flaming arc) extended the field 


of arc welding to the low-melting-point alloys. A 
special torch developed by Hansen and utilizing the 
d-c. arc can now be used for brazing, soldering, and 
welding low-melting-point extruded alloys. Another 
torch utilizing the a-c. arc has also been put on the 
market by the Warner Co., of Los Angeles. It can be 
used successfully on light work of brazing, soldering, 
and welding steel sheets of light gage. 

Design of Electric Arc Welding Generators 

The advances and refinements in the design of the 
electric welding generators have been carefully followed 
by the subcommittee on Electric Welding Machinery, 
which reports as follows: 

An outstanding feature of the year’s work in the 
development of direct-current arc welding generators, 
is the attention which has been devoted to their 
transient characteristics. It has been realized that the 
momentary shortening of the arc produces a large 
momentary transient current, which tends to cause 
explosions or “sputterings” detrimental to welding. 
Means have, therefore, been sought by several workers 
by which these momentary transient currents may be 
eliminated and papers on the subject have been pre¬ 
sented by Blankenbuehler, Bergman, Holslag and 
Greedy. 

The direct-current welding generators contain a 
main exciting coil either shunt, separately excited, or a 
combination of the two, and a demagnetizing series 
circuit whose function is to reduce the voltage with 
increasing current. One important ts^pe of transient is 
caused by the voltage induced in the main exciting cir¬ 
cuit by transformer action from the series demagnetiz¬ 
ing circuit and this type of transient may be eliminated 
by reducing this voltage to a small value. There is no 
need to eliminate this voltage altogether because it is 
only necessary to reduce it to such a degree that the 
solutions of the differential equations which determine 
the current approximate to the logarithmic instead of 
the oscillatory type. Blankenbuehler discussed a ma¬ 
chine with separately exciting coil and reverse series 
ending only, and injects into the separately excited 
circuit a voltage proportional to the current flowing 
through the reverse series winding (the welding current) 
by means of a series transformer. This voltage is 
opposite in direction to that induced in the same coil 
by the reverse series winding so that the two tend to 
cancel. 

The machine treated by Bergman has two distinct 
poles whose flux cuts the conductors between positive 
and negative brushes. One has constant flux and the 
other is shunt excited from a third brush intermediate 
between the main brashes, armature reaction being re¬ 
lied upon to reduce its voltage with increasing current. 
In this case a series transformer is used to inject into 
this shunt circuit a voltage proportional to, but oppo¬ 
site in direction to that due to induction from the 
armature. 

In Greedy’s machine in which the effect of shunt and 
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separately excited windings is produced by a single coil, 
no transformer is employed but the same result is pro¬ 
duced by reducing the reluctance of the main magnetic 
circuit so that the number of turns on the main exciting 
coil is very much reduced and consequently the e. m. f, 
induced in it by the series demagnetizing circuit becomes 
small. With this latter device a neutralizing winding 
becomes necessary to avoid sparking and excessive re¬ 
actance of the armature winding. 

Testing of Welds 

Several non-destructive methods of testing of welds 
have been developed among which the X-ray method 
is already being applied as a regular procedure control 
on welds made on important structures. The mag¬ 
netic and the stethoscope methods are also available. 
It should be noted also that a series of experiments 
has been conducted with the gamma rays produced 
by radium emanation for testing of welds on heavy 
plates and steel castings. 

Further Research 

Since the electric arc is the foundation on which the 
entire arc welding industry has been built, our sub¬ 
committee on Research recommends further study of 
this phenomenon. The outlined problems are as 
follows: 

1. Probe measurements in arcs between iron elec¬ 
trodes, using a technique somewhat similar to that 
adopted by Nottingham in his investigations on the 
arc between copper elec^odes in air. 

2. Arc characteristics should be taken as a function 
of the pressure for different gases, such as carbon 
dioxide, air, and argon. 

3. The question of the part played by fluxes, or 
additions of various “dopes” to the welding rod, 

4. Determinations of the energy consumption at 
the electrodes, using a calorimetric method. 

5. Accurate determination of cathode drop and its 
variations under varying conditions. This is an im¬ 
portant factor in all theories of the electric arc and more 
accurate information on this point is certainly desirable. 

6. Accurate determination of anode drop imder 
varying conditions. 

7. Study of small current arcs and particularly the 
glow to arc transition. 

8. Mathematical study of some of the newer ideas 
on stability of discharges as developed by Barkhaus^ 
and othera. 


9. Cathode-ray study of stability of arcs such as 
used in electric welding. The spontaneous variations 
in current and voltage which are always taking place 
will probably be fr^uently beyond the capacity of the 
ordinary oscillograph. The influence of high frequency 
characteristics of the external circuit could be studied 
in this connection. 

10. Stability of arc in magnetic field. Since arcs 
used in welding usually have quite strong magnetic 
fields, the iifiiuence of this factor in the stability of an 
arc is quite important, 

11. Study of influence of nature of cathode surface 
on stability. 

12. Study of influence of nature of anode surface on 
stability. 

13. Study of passage of the deposited metal from 
the electrode to the work. Although a large part of 
the metal is deposited by liquid drops, it may be that a 
considerable portion passes in the form of vapor. 

14. Study of the influence of superimposed alter¬ 
nating current of moderate and high frequency. The 
use of high frequency has been proposed for actual 
welding, but the influence upon the arc has not been 
studied in much detail. 

It has also been suggested that the carbon welding 
arc be further studied, especially with respect to the 
blast of carbon vapor from the cathode spot. 

University Activities 

Through the initiative of the American Bureau of 
Welding, twelve engineering colleges and imiversities 
have become interested in various problems relating to 
welding. In addition to the research work conducted 
by professors, the students in several colleges write 
their theses on welding in preparation for the degree 
ofB. S.orM.S. 

It should be noted that welding, and especially elec¬ 
tric welding, is receiving considerable attention in 
various universities abroad. Germany is probably 
leading in that respect because electric welding is con¬ 
sidered to be of such importance that some colleges 
in that country confer the degree of Doctor of Engi¬ 
neering for any adequate research work on problems 
of welding. 

In the Soviet Union, welding has received during the 
past year, an unprecedented expansion. To deal 
more adequately with the problem of a highly trained 
personnel, a special Welding Institute is being organized 
which will cost over $1,500,000, to train future welding 
engineers. 
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I. Organization and Activities 

T he committee is organized with five permanent 
subcommittees, and its work has consisted of the 
review of papers, arrangement of programs for 
technical sessions, and the preparation of Standards 
and Test Codes. 

Forty papers on electrical machinery were presented 
during the calendar year 1930. Others could have been 
made available if facilities for presentation and pub¬ 
lication had permitted. The committee believes that 
the preparation of short and informal papers designed 
to bring out discussion at conventions should be en¬ 
couraged, and that highly technical papers whose chief 
value is for reference shoTild be presented before small 
groups in parallel sessions. 

SUmdards 

The Subcommittee on Transformers has been very 
active and during 1930.prepared '‘Recommendations 
for the Operation of Transformers” and brought to 
conclusion a revision of the A. I. E. E. Standards for 
Transformers. 

The Subcommittee on Synchronous Machines, be¬ 
sides completing A. I. E. E. Standards for Capacitors, 
has initiated a number of revisions for the A. I. E. E. 
Standards for Synchronous Machines. 

The Subcommittee on Mercury-Arc Rectifiers is 
working in close cooperation with the Sectional Com¬ 
mittee on Rectifiers, which has tmder preparation 
Standards for Mercury-Arc Rectifiers. 

Test Codes 

Preliminary drafts of test codes for transformers, 
induction motors, direct-current machines and syn- 
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chronous machines have been prepared. These codes 
are intended to provide definite instructions for the 
more generally applicable field and factory methods of 
conducting and reporting acceptance and other tests of 
general commercial value. 

II. Resume of Progress of the Art 

Synchronous Machines 
Steam-Turbine Driven AUernators 

The size of the single-shaft units has again been 
increased, two 200,000-kva., 0.8 power-factor, 1,800- 
r. p. m., single-shaft, tandem-compound, turbine-gener¬ 
ator units (GE)t now being built for the Hudson Avenue 
Station of the Brooklyn Edison Company. They have 
double windings rated at 16.5 kv., and double-winding 
auto-transformers will step up the voltage to 27.6 kv. 



Pig. 1—60,000-Zw., 3,600/1,800-R. P. M., Vebtical-Coh- 
POTJND, TUBBINB-GENBRATOa UnIT (GE)—PACIFIC GaS & 
EiiBctbic Co. 

A 110,000-kw., 1,200-lb., vertical-compound, double¬ 
winding turbihe-generator unit (GE), with duplicate 
generators on the high- and low-pressure turbines, has 
been constructed for the Ford Motor Company. 

A 60,000-kw., 8,600/1,800-r. p. m., 1,200-lb. unit, in 
which the high- and low-pressure elements were com¬ 
bined to form a vertical-compound turbine-generator 
set (GE) was constructed for the Pacific Gas & Electric 
Company and a duplicate unit is nearing completion. 
(Fig.l.) 

Three 18,760 kva., 3,600-r. p. m., turbine-generator 
units (W), the largest machines of this speed yet 
manufactured in this country, were put in operation at 
Baton Rouge by the Louisiana Steam Products Com¬ 
pany. An outstanding feature of these machines is the 
internal propeller fan used, the success of which has 
created a pew interest in internal fans for large machines. 

High-voltage turbine gmerators rated 121,000 kva., 
18 kv.; 147,000 kva., 22 kv.; and 94,000 kva., 22 kv. 
are now in the first stages of construction (AC). 

The satisfactory completion of tests on a 9,375 kva. 
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hydrogen cooled, turbine generator (W) (Fig. 2) have 
encouraged the saious consideration of hydrogen cooled 
turbine generators for ratings above 30,000 kva. 

Watemhed-Drimi AUernators 

The year 1930 has been notable for the number of 
large hydro-electric developments which have dther 
been contemplated or put into operation. Table I is 
a list of some of the more interesting hydraulic-driven 
generators installed or imder construction during the 
past year. 


The 77,600-kva. generators (GE) for the Dnieper 
River Development in Russia, operating under a 
hydraulic head of 123 feet are the largest waterwheel 
generators yet constructed. (Fig. 5.) The total 
weight of each generator will be approximately 880 tons, 
the weight of the rotor and shaft will approach 445 tons, 
and the shaft itself, which is 36 ft. long and 40 in. in 
diameter, with a 70-in. flange on each end, will weigh 
about 68 tons. The stator is fabricated in six sections 
with pimchings and windings assembled in each section 
before shipment. 


TABLE I—WATEBWHBBL-DBIVBN ALTBBNATOBS 


Purchaser—^Location 

No. 

Kva. 

R. p. m. 

Type 

Fig. 

M*. 

Amtorg Trading Co. 

.4*. 

.77,600_ 

.88 9*; 


A. 


Dnieper River (Russia). 


.77^600.... 

. 88.25... 

. . .Vftpf; 



City of Seattle 

Skagit River. 


.66,700. 

....171.6 




Inland Power & Light Oo. 

Ariel Development 


.66,260. 

-120 

... Overhung.... 


.GE 

Alcoa Power Oo. 


.50,000. 

-,, 120 

VaH: 



Ohute-SrOaron 







New York Power & Light Oorp. 


.47,000. 

.... 81.8 . 




Spier Falls 







Beauharnois Power & light Oo. 

St. Lawrence River. 

.2. 

.43,883. 

....76 .... 

.... 76 

TTm hfAll SL 



St. Lawrence Biver. 

.2. 




Western Power Oo. of Can. Ltd. 


.44,000. 

....120 

TTm'ht.All o. 


mxT 

Buskin Generating Station B. O. 







Lexington Water Power Oo. 

Saluda Development. 

.4*. 

.40,625. 

....138.6 

TTm VitaII a. 

Q 

nxr 

New England Power Construction Oo. 

Fifteen Mile Falls., 

.4*. 

.39,000.. 

....138.5 

« • » ^.1 J.UilLJX waICb • • • ■ • 

TT m Ht* a11 A 


xxr 

Shawinigan Engineering Oo. 

.4. 

.36,000. 

....109.1 

9 •• %J JXLLJX • t • 

VaH: 


rxxxr 

Rapid Blanc Development ' 







Pennsylvania Water & Power Oo. 

Safe Harbor, Susquehanna River... 


.31,111. 

-109 _ 

.. .Overhtmg. 


.GE 


2. 

.31,111. 

-109 _ 

.. .Umbrella. 


.W 


New Kanawha Power Oo. 

New Kanawha Biver.. 

Pacific Gas & Electric Oo. 

Tiger Greek..2 


.30,000.160 


Gatineau Power Co. 
Paugan Falls P. Q. 


.30,000.225 

1 .28.600.126 


.Vert... 

.Horiz. 

.Vert. 


James MacLaren Co.. 

Masson Power Development 


.28,000.166.7 


.Vert. 


.Vert. 


.W 

.W 

.OW 

.OW 

.OW 


Shawinigan Water & Power Oo. i oe nnn no r 

Toccoa Electric Power Oo. 

BIueEIdge.. .26,000.164 .Umbrella.W 

Montana Power Oo. 

Morohy. 2 * 


.26,000. 81.8 

Hydro ElectricaEspanola.. . 26 , 000 ... 376 

Spain * 


Union Electric Lt. & Pr. Oo.. 

Osage River 


.23,888.112.6 

Ohats Falls Executive Board. 23.500.126 

1 . 4.000.128 


San Joaquin Light & Power Oo. 
Merced Falls. 


’''Included in report of last year. 


.Umbrella.W 

.Vert.GE 

.Umbrdia.W 

.Vert.OW 

.Vert.4.W 
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The ,31,lll-k7a., 109-r. p. m,, umbrella-tsnpe genera¬ 
tors (GE and W) for the Safe Harbor Development of 
the Pennsylvania Water & Power Company are to be 
driven by Kaplan-type turbines, and will operate as 
motors in a reversed direction to pump water back into 
the fore-bay for use during the peak-load periods. 

High Frequency Generator 

A 500-kva., 960-cycle generator (W) built for the 
American Brass Company will supply power for an 



Pig. 2—^9,376 Kva., Hydkogen-Cooled, Turbine- 
Generator (W) 

dectric furnace. The rotor required spedal construc¬ 
tion to retain the field coils in place at the high periphe¬ 
ral speed of 20,000 ft. per minute. 

A 666-kva., 960-cycle single-phase generator (GE) 
was placed in operation at Watertown (Mass.) Arsenal 
in November, 1930, and a 750-kva., 960-cycle, three- 
phase generator (GE) is being built for the American 
Brass Company. 



Fro. 3 — ^Fous 40,625-KyA., 138.5-11. P. M., Uubbdlla-Ttpx, 
Watxbwhiiel-Giinsbatob Units (W) —Saluda DBVEiiOPMBNx, 
Lb3cington Watbe Powbe Co. 

Synckronom Condensers 

A 50,000-kva., 13.2-kv., 600-r. p. m., 50-Qrcle hydro¬ 
gen-cooled condenser (GE), equal in capacity to the 
largest air-cooled machines, has been constructed for 
the Southan California Edison Company. (Fig. 6.) 
The total capacity of hydrogen-cooled condensers now 
in smrice is 137,500 kva. with 70,000 kva. additional on 
order. 

Two 16,000-kva., outdoor hydrogen-cooled con¬ 


densers (W) have been constructed; one rated at 60 
cycles, 760 r. p. m. for the Southern California Edison 
Company, and the other rated at 60 cycles, 720 r. p. m. 
for the Indiana & Michigan Electric Company. 

A 7,500-kva., 6.6-kv., 900-r. p. m., 60-cycle air¬ 
cooled, outdoor condenser (AC) has been constructed 
for the Central Illinois Public Service Company. 
(Fig. 7.) 

Indiistriai Synchronous Motors 

The application of synchronous motors to industrial 
purposes is being extended as the knowledge of the 
starting, acceleration, and pull-in requirements is 
increased and as the prediction of these characteristics 
becomes more exact. A number of unique designs has 
been developed during the year. 

A 500-hp., 72-r. p. m., vertical-shaft motor (GE) 
has been applied to a Puller Lehigh coal pulverizer, in 
which the motor frame forms the base on which the 
pulverizer is built. The motor develops considerably 
more th^ normal torque from start to pull-in in order 
to obtain successful starting with a choked min. Over- 



Fig. 4—4,000-Kva., 128-R. P. M., Veetical-Ttpb, Outdoob, 
Watbewhebi, Gbnbbatoe (W)—^Mbbced Falls, San Joaquin 
Light & Powbe Co. 

voltage for starting is supplied by a step-up auto- 
transformer. 

A 700/360-hp., 2.3-kv., 277/138-r. p. m., three- 
phase, 60-cyele, two-speed synchronous motor (W) has 
been applied to a VOTtical centrifugal pump for the Ford 
Motor Company. 

A new method for securing reduced starting kva. has 
been introduced', which utilizes the inherent reactance 
of the niotor itself, a 3,000-hp. (GE), five 3,500-hp- 
(EM) and several smaller motors having been built. 
The stator is wound with two or more plarallel circuits 
so arranged within the core as to obtain increased re¬ 
actance when only one of the circuits is energized. 
The starting characteristics obtained are somewhat 
rimilar to those secure by using external reactors in^ 
series with the lines. 

A 600-hp., 440-volt, 300-r. p. m., three-phase, 60- 
cyde, ss^chronous motor (EM) was applied for the 
flhst time for continuous reverting duty on a copper 
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rolling mill, ssmchronous motors having been generally 
considered unsuitable for constant reversing duty on 
account of their inferior starting characteristics. The 
operating requirement that the mill be reversed from 
full speed forward to fxill speed reverse in five seconds 
necessitated special design of the stator and rotor to 



Fia. 5 — ^77,500-Kva., 88.26-R.P.M.. Vbbticai^-Ttpi!, Watie- 
WHEBL Gbnbeatob (GB)—Dnibpbb Riveb Dbvblopmbnt 
(Russia) Autobq Tbadino Cohpant 

dissipate heating, which was accomplished by the use of 
ventilating spacers in the armature core and field poles 
and by special cage end-ring construction. (Fig. 8.) 
Three parallel circuits were used in the stator, which 
were switched successively both for forward and reverse 
acceleration in order to reduce the increment starting 
kva. demand. 

A slow-speed, v^tical-shaft motor (EM) has been 
incorporated in a pulp hydrator base. The motor was 



Pia. 6—50,000 -Kva., 13.2-Kv., 600-R. P. M. 60-Ctclb, 
Htdboqbk-Coolbd Stncbbonous Condbnsbb (GE) —South* 
ben Cauipobnia Edison Co. 

provided with a thrust bearing which carries the weight 
of the rotor and hydrator rotating member. To permit 
adjustment of the clearance between the rotating and 
stationary members of the hydrator, the motor was 
provided with a micrometer raising and lowering device, 
the field poles being slightly longer than normal to 


permit a moderate movement of the rotor axially with 
respect to the stator. 

Marine Synchronous Motors 

Several electric-propelled vessels of int^esting design 
were placed in service or are under consideration. 


tablb 11—marine synchronous motors 


Vessel (or purchaser) 

No. 

Hp. 

R. p. m. 

Mfr. 

S. S. Santa Clara. 


.. 6.300.. 

...120... 

..GE 

IS S T^/ToiT*^ ,. 

. .t2... 

.. 8.000.. 

...143... 

. .GE 

S. S. Oriente. 


.. 8,000.. 

...143... 

..GE 

S. S. President Hoover*. 


.. 13,250.. 

..;133... 

..GE 

S. S. President Ooolidge. 

United Mail S. S. Company (6 

..t2... 

..13,260.. 

.. a33... 

..W 

vessels) J. 

.. 12... 

,. 5,600.. 

...126_ 

. .GE 


^Laimched December 19.30* Transoceanic service 1931. 
tlnduded tn report of last year, 
iunder construction. 


The 13,260-hp., 133-r. p. m. ship-propuMon motors 
(GE, W) are the largest marine ssmchronous motors 
yet built. These motors are completely fabricated. 



Pig. 7—^7,500-Kva., 6.6-Kv., 900-R. P. M. eO-CYCLB, Aib- 
CooLBD, Outdoor, Synchronous Condbnsbb (AC) —Central 
Illinois Light Co. 

Frequency Converters 

Th^e is a growing tendency to install large machines 
outdoors in order to reduce building costs. The first 
frequency-converter units to be so installed have been 
built during 1930 and will be placed in operation dtuing 
1981. 

Two such units, the generators being rated at 21,000 
kva., 0.7 power factor, 300 r. p. m., 26 cycle, one-phase, 
and the motors at 18,000 kva., 0.9 power factor, 300 
r. p. m., 60 cycle, three-phase (W) will be installed at 
the Wayne Jtmction Substation of the Philadelphia 
Electric Company to supply power for the new Reading 
Railroad Electrification (Fig. 9). Conventional indoor 
design was followed, with spring mountings to absorb 
the tingle-phase torque pulsations, the machine being 
adapted for outdoor service by enclosing in a sec- 
tionalized sheet steti housing approximately 64 ft. long 
by 25 ft. wide. 

Induction Machinbs 

A major activity of the manufacturers during the 
year has been the development of new lines of induction 
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motois to conform, with the frame sizes and mounting 
dimensions standardized by the National Electrical 
Manufacturers Association as announced in last year's 
report. In many cases this program has included a 
change in electrical design to improve the noise and 
torque characteristics. Much attention has also been 
given to the appearance in order to meet the ever more 
exacting aesthetic tastes of the public. 



Fia. 8—600 -Hp., 440-Voi.t, 300-R. P. M. OO-Ctclb, Con¬ 
tinuous-Reversing-Duty, Stnceronous Motor (EM)— 
Copper Rolling Mill 


Several manufacturers now furnish lines of motors in 
integral up to 100 hp. as well as fractional horsepower 
sizes for class I and class II hazardous locations (in¬ 
flammable gases and combustible dust) as defined in 
the National Electrical Code. 

Complete lines of totally-enclosed, fan-cooled con¬ 
tinuous duty 55-deg. cent, motors as large as 260 hp., 
particularly suited for use in harmful dust conditions, 
have now been developed by many manufacturCTs and 
the use of this tsTpe is steadily growing. 

An extensive application of a novel induction motor 
(GE) has been made to conveyor tables in steel mills. 
(Pig. 10.) The conveyor roller is a hollow cylinder 
mounted on ball or roller bearings rotating around a 
stationary supporting shaft on which the stator is 
moimted. The cylindrical convey roll, which suiroimds 
the stator, serves as a secondary, the induced currents 
flowing in the solid steel iimer surface of the roll. 

D-C. Machines 
Motors and Generators 

An 8,000-hp., 800-volt, 40- to 100-r.p. m., motor, 
having a peak capacity of 22,000-hp., 2,900,000-lb. ft. 
torque, has been built (GE) for a blooming mill of the 
Illinois Steel Company. This is the largest rin^e- 
armature motor employing fabricated construction for 
the major parts. 

Two 5,000-hp., 40-r. p. m., double-armature motors 
were built (W) for operating the main rolls of the new 
10,000-hp. blooming mills at the South Chicago Plant 
of tire U. S. Steel Corporation, whidh is the most power¬ 


ful mill yet built. Each of the two main rolls is driven 
by one of the motors, the two being kept at the same 
speed by electrical control instead of being geared to¬ 
gether as in former installations. Each double motor 
has a peak-torque capacity of two million lb. ft. Power 
is supplied from three 3,000-kw. induction motor- 
generator sets. The series fields of the three generators 
are interconnected in such a way that parallel operation 
is secured with satisfactory division of load. 

Planer motors up to 75 hp. rating with speed ranges 
by field control of 6 to 1 have been developed (GE and 
W), and further increases in size of this class of motor 
are imder conaderation. 

A 50-hp., 1,600-r. p. m., 75-deg. cent, one-hour motor 
has been developed ^) for application on a coal cutter 
to meet a limiting over-all height of 12 in. 

Six 3,600-hp., 330-r. p. m„ motors have been con¬ 
structed (AC) for a 96-in. plate mill of the Illinois Steel 
Company. Power is supplied by two 6,000-kw. syn¬ 
chronous motor-generator sets. 

Two motor-generator sets, conasting of two 3,000- 
kw., 600-volti compensated generators driven by one 
6,500-kva. synchronous motor, have been constructed 
(GE). These sets will deliver 6,000 kw. continuously 
with 9,000 kw. for two horns or 7,500 kw. continuously 
without ovarload. 

Exciters 

Further developments in “rapid response’’ exciters 
have occurred during the year, with the objects of 



Pig. 9—21,000/(18,000)-Kva., 300-R. P. M. 26-(60)-Ctcle, 
One (Three) Phase, Frequbnot-Converter Outdoor 
Housing (W) — ^Watne Junction Substation, Philadelphia 
Electric Co. 

securing higha: efficieniy and improved control. The 
use of a special Wheatstone Bridge tjnpe of rheostat 
(GE) enables the exciter to operate down to zero or even 
reversed voltage. 

A 90-kw., 3,600-r. p. m., direct-connected, turbine- 
generator exciter has been developed (W) which is one 
of the largest exciters ever built for this speed. (Fig. 11.) 

Synchronous Converters 

Four 5,440-kw., 167-r. p. m., 16,000-ampere, 26-cyele, 
s)mchronous converters were constructed (2 GE .and 
2 W) for a chemical plant in the Niagara Falls District. 
The converters are enclosed in yolute housings, and the 
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outgoing air is discharged outside the building. Direct- 
current voltage adjustment is obtmned by means of 
tap-changing equipment on the supply transformers. 
A novel feature of construction used on two of these 
machines (GE) is a “tandem” commutator, which con¬ 
sists of two sets of shorter copper s^;ments, together 
with insulation and clamping rings, moimted on a 
common support so arranged that air can pass between 
the adjacent ends of the two commutators where their 
segments are connected together. This construction 
(Fig. 12) results in lower temperature rise and smaller 
expansion strains and, consequently, a smoother 
running surface than is usually obtained with an 
eqtiivalent single-unit comndutator. 

Transformers 
Power Transformers 

Extensive theoretical and experimental study of 
transient voltage phenomena was continued during the 
year, and the development of means for protection 
against lightning surges advanced rapidly. One indica- 



PiQ. 10— 40-Lb.-Ft., 250-VoiiT, 126-R.P.M., 25-Ctclb, Con- 
VBTOB-RoiiLEB Indoction Motob (GE) 

tion of the progress made during the year is given by the 
succ^ul outcome of full voltage flashover tests on a 
large transformer. 

A 13,000-kva., 230-kv., wye-grounded, non-resonat¬ 
ing transformer built for commercial use (GE) was 
subjected to a series of artificial lightning voltage tests. 
The transformer was connected to a lightning generator 
by a short transmission line insulated with fourteen 10- 
in. units, spaced 6% in. in suspension, which is used 
quite generally for 230-kv. service. The insulator 
strings were repeatedly flashed over without apparent 
damage to the transformer. The line insulation was 
then increased until the transformer bushings were 
flashed over. The transformer was subjected to re¬ 
peated waves both above and below the bushing 
flash-over voltage, after which it withstood all 
A. I. E. E. standard tests. 

A study of transient voltage phenomena within auto¬ 
transformer windings resulted in the development of 
the non-resonating auto-transformer (GE), of which 
several have now been built for 230-kv. service. 

Through the development of the grounding neutral 
impedor (GE), the use of the non-resonating trans¬ 
former was extended to include banks with neutrals 
isolated or grotmded through resistance or reactance. 

Investigation (W) has shown tiiat a comparatively 


high resistance can be used in the neutral of a bank of 
powCT transformers and the bank will perform prac¬ 
tically tiie same as though it were solidly grounded. 
The same r^ult can be obtained with reactance in the 
neutral paralleled by a protective device, such as a 
lightning arrester. The internal voltages at points 
within the winding have been found to be practically 
identical for a bank with'a solidly grounded neutral 
and for one with a reactance paralleled by a lightning 
arrester. 



PiQ. 11—^9(KKw., 3,600 R.P.M., Hirbct-Connbctbd, Turbinb- 
Gbnbbator Exciter (W) 

In order to extend the benefits of load-ratio control 
to small transformers, a lighter type of equipment has 
been developed for 16-kv. service (GE). This consists 
of a multi-point switch which permits the load cuirent 
to leave each tap point over two paths; i. e., over two 
switch arms which connect to the bridging reactor. 
A t^ical application of this equipment is represented 
by a 3,333-kva., 69.7/115 Y-13.8-kv., one-phase trans¬ 
former, in which thirteeh op^a.ting positions are 



Pig. 12—5,440-Kw., 340/270-Voi.t, 16,000-Ampbbb, 25- 

Ctclb, SHUNayWovNi), Stnohronovs Converter with Tan¬ 
dem Commutator and Brvsebs (GE) 

provided by the installation of the control device in the 
low-voltage winding. In this type of construction all 
moving parts, that is, the ratio adjuster and two contac¬ 
tors, are mounted outside the main transformer tank. 

Several 6,000-kva., 13.2-kv., three-phase, furnace 
transformers, with a new t 3 T)e of tap-changing equip¬ 
ment, have been built (W) for the Ford Motor Company. 
These transformerS'deliver a normal low-voltage current 
of 12,800 amperes at 225 volts, with a maximum curr^t 
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of 19,200 amperes at 150 volts. A special motor-oper¬ 
ated tap changer provides six different delta low 
voltages and a change from delta to star on the high- 
voltage winding gives six additional delta low voltages. 
Two individual tap changers are operated by one motor 
and all the voltages and connections are obtained by 
the operation of a single control switch at the switch¬ 
board. 



Pig. 13-^,200 Kva., 11,000,-916-46 Volts, 25-Ctclii, Aib- 

BIiAST, LoOOMOTITX TRANSFOBMliB (GB) (W)— ^PEiNNSTLYANIA 

R. R. 

A 4,200-kva., 11,000-915-46-volt, air-blast trans¬ 
former of special construction was built (coordinated 
design of GE and W) for installation in a locomotive 
where space is at a premium. (Pig. 18.) It was, 
accordingly, designed for minimum dimensions and 
weights, the floor, space occupied being 6 ft. 8 in. by 



Pig. 14 —Ovtside-Edgb-Wi!i.dbd Tbanspobmbr Radiator (W) 

7 ft. 3 in. and the total wdght being approximately 
26,000 lb. A 2,^00-kva. transformer of the same type 
has also been developed. These transform^ are suc¬ 
tion air-cooled and of exceptional mechanical strength, 
being braced and insulated for the severe operating 
conditions incident to locomotive service. 


Power-Tramformer Auxiliaries 

While the method of cooling transformers by means 
of "banked” radiators was not used to any gr^t ei^i^ 
following its development several years ago, it was ex- 
tenavely applied during the past year, i About 200,000 
kva. in transformers of this construction are in service 
and more than 600,000 kva. are now under construc¬ 
tion (GE). 

A new type of transformer radiator has been de¬ 
veloped to replace the tubular type on all Westinghouse 
large self-cooled power trankormers. (Pig. 14.) All 
of its joints are formed with edge welds on the outtide 
of the radiator, and there are no crevices or flat sur¬ 
faces where water can accumulate. The open construc¬ 
tion fadlitates cleaning and painting. 

A 20,000-kva., 66-22-kv., load-ratio-control trans¬ 
former, equipped with unusual pothead disconnecting 
switches has been built (W) for the Sta;te line Generat- 



PiG. 15—100-Kva., 2.080-116/230-Volt, 60-Ctclii, Dis- 
TRiBTJTioN Transformer EotriPPED with Detachable Bush¬ 
ing (AC)— Commonwealth Edison Co. 

ing Company. These high-voltage switches disconnect 
the transformer from the line and.connect t^t bushings 
to the 66-kv. cable lines, which can then be tested with 
330 kv., direct current. The pothead equipment also 
induded oil reservoirs used to maintain pressure on the 
oil-filled cables to which the transformer is connected. 

A new no-load ratio adjuster has been developed (BB) 
which is operated through the tide of the tank wall 
instead of the cover, making it more convenient to 
operate and permitting the tap position to be safely 
checked without deener^ihg the transformer. A novd 
form of connection is used between the internal and 
external parts which permits erigagemdit or discon¬ 
nection of the two parts, when the transformer core is 
tanked or untanked, without the necessity of . crawling, 
inside to remove pins, bolts, etc. ■ 

Distribution Trcmformers_ 

A new single-bushing, single-ph^ transformer has 
been designed (GE) -for 410-kv; iural- service.- It is 
aitahged for Connectidh from line to fietitral-bh af 410- 
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kv. circuit, which is insulated for 132-kv. service. 
In order to secure a low over-all hdght, the interior 
was so constructed as to give the equivalent of an in¬ 
verted vending. The bushing was then connected to the 
bottom of the coil stack, thereby effecting a low height 
in spite of the large size of the bushing and the amount 
of insulation required for operation on a 182-kv. insu¬ 
lated line. 

A detachable bushing has been developed (AC) for 
distribution iransformers, particularly for installation 
whCTe lightning conditions are abnormally severe, which 
can be replaced wildiout removing the case from the 
pole. (Fig. 15.) 



No. 

Kw. 

Put into operation during 1930. 

.33. 

... 75,225 

Put into operation during 1929. 

.80. 

... 48,125 

Increase. 

.10%... 

.... 58% 

Put into operation during 1930. 

.33. 

... 75,225 

Being erected during 1930. 

.26*.... 

... 71.400* 

On order at end of 1930. 

.29. 

... 79,275 

Total for 1930. 

.88*_ 

.. .225,900* 

In service at end of 1929. 

.90. 

.. .102,309 

Grand total. 


.. .328,209* 


’"In addition one spare 500-kw. rectifier tank (without transformer) 
was supplied. 


RBCmPIBRS 

The installation of rectifiers has continued to increase 
at a rapid rate, particularly when measured in terms of 
the aggregate W. capacity. 


The mercury-arc rectifiers put into operation and 
being erected during 1930 and on order at the end of 
the year are shown in Table III. 

The placing in operation of fourteen units with an 
aggregate rating of 40,000 kw. of 8,000-volt rectifiers 


TABLE m— MEROUBV-AEO BBOTIEIBB UNITS PUT INTO OPBBATION DURING 1930 OR ON ORDER DECEMBER 31, 1930 


Purchaser 

No. of 
sets 

D-c. 

volts 

Kw. 
per set 

Total 

kw. Control 

Service 

Putin 

service 

Manufacturer 

American Gas ifi Electric, New York.... 

.2... 

.. 610. 

.. 600. 

.. 1,000. Automatic. 

.. .Bailway.. 

.... On order.. 

... Brown-Boveri 

Boston Elevated BaQway. 

.2... 

.. 600. 

..3,000. 

.. 6,000. Automatic remote Ballway. 

-Being erected. General Electric 





control 




Ohlle Exploration Oo. 

. 1... 

.. 650. 

..1,000. 

.. 1,000. Automatic. 

... Heavy mine haulage. 1930. 

.. .GeneralElectric 

Olinton, Davenport & Muscatine Bailway.... 1*.. 

.. 700. 

. . 500. 

.. 500*Automatic. 

.. .Ballway. 

... .Being erected.Brown-Boveri 

Oommonwealth Edison Oo. 

.2... 

..1,500. 

. .1,600. 

.. 3,000.Manual. 

.. .Railway. 

....1930. 

.. .Brown-Boveri 

Oommonwealth Edison Oo. 

.4... 

.. 625. 

. .3,000. 

. .12,000.Manual. 

.. .Railway. 

-1930. 

... Brown-Boveri 

Oommonwealth Edison Oo. 

.3... 

.. 625. 

. ,3,000. 

.. 9,000.Manual... 

.. .Railway. 

-Being erected. Brown-Boveri 

oommonwealth Edison Oo. 

.3... 

.. 626. 

..3.125, 

... 9,875.Manual. 

.. .Railway. 

-Being erected. General Electric 

Oonsolidated Mining & Smelting Oo. 

of 







Oanada... 

.2... 

.. 650. 

. .6.500. 





Oonsolidated Mining A; Smelting Oo. 

of 






Oanada. 

. 1... 

.. 650. 

. .6,500. 

.. 6,500.Manual. 

.. .Electrolsrtic. 

.... On order.. 

.. .GeneralElectric 

Delaware, Lackawanna A Western B. B. 

O 0 ..I 2 .., 

. .3,000. . 

. .3,000. 

. .36,000.Manual. 

.. .B. B. electrif*n.. 

...1930 . 

... General Electric 

Delaware, Lackawanna & Western B. B. 

Oo.. 2... 

..3,000. . 

..2.000. 

.. 4,000.Automatic remote B. B. electrirn... 

....1930 . 

.. .GeneralElectric 





control 




Detroit, Oity of . 

. 1... 

.. 600., 

. .2,000. 

. . 2.000 . Automatic . 

. .. Railway. 

- On order.. 

... General Electric 

Edmonton, Oity of.;. 

. 1... 

.. 676.. 

.1,325. 

.. 1,325.Manual. 

. . .Railway . 

...1930 . 

... Brown-Boveri 

Hershey Ohocolate Company . 

.1... 

.. 600., 

. 500. 

500. Manual . 

... Interurban-railway .. 1930 .. 

... General Electric 

I. G. Parbenindustrie for Standard Oil Oo. 







of Louisiana . 

. 1. .3.500/9.600.2-900 




Iowa Nebraska Light & Power Oo . 

..... 1.... 

.. 600.. 

.1,000. 

.. 1,000.Manual . 

.. .Railway . 

...1930 . 

VOIX 

... Brown-Boveri 

Italian State Bailways . 

.2... 

. .2,900. . 

.2.000. 

.. 4,000 . Automatic . 

.. .B. B. electrif’n. ., 

....1980 . 

.. . General Electric 

Long Isdand Bailway Oo. 

. 5..., 

.. 650.. 

.3,000. 

.. 15,000. Automatic. 

.. .Railway . 

>... Being erected . Brown-Boveri 

Los Angeles Ballway Oorp . 

.2.... 

.. 600.. 

.1,500. , 

.. 3,000.Automatic remote Ballway . 

— On order .., 

... General Electric 





control 




Montreal Tramways Oo . 

.2.... 

., 600.. 

.1,500. . 

.. 3,000.Automatic remote Ballway . 

... Being erected . General Electric 





control 




Montreal Tramways Oo . 

.2.... 

.. 600.. 

.1,500. 

.. 3,000.Automatio remote Ballway . 

...1930 . 

... General Electric 





control 




New York Board of Transportation . 

. 10.... 

. 625. . 

.3,000. . 

.30,000. Automatic remote Subway . 

., .Being erected. General Electric 





control 




New York Board of Transportation. ...;. 

_ 13.... 

. 625.. 

.3,000.. 

.39,000. Automatic remote Subway . 

.. .On order... 

,. .General Electric 





control 




Northern Indiana Public Service Oo. . ... 

. 1.... 

.1,600.. 

.3,000. , 

.. 3,000.Automatic . 

. .Railway . 

.. .Being erected. Brown-Boveri 

Paris Orleans Ballway, France . 

. 1.... 

.1,500. . 

.1,500. . 

.. 1,500.Automatic . 

. .B. B. electrif*n... 

.. .On order. .. 

.. General Electric 

Phihuielpbla. Oity of .. 

. 2.... 

. 680.. 

.2,500. , 

. 6, 000.Manual.. .. 

.. Subway . 

...1930 . 

. .Brown-Boveri 

Pulfiic Service Oo. of No. Ill., Ohicago. ... 

. 1.... 

. 600.. 

.1,900. . 

. 1,900. Manual . 

. .Railway . 

. ..1930 . 

.. Brown-Boveri 

Public Service Oo. of No. HI., Ohicago. .. 

. 1.... 

. 600.. 

.1,900. . 

. 1,900. Automatic . 

. .Railway. 

...1930. 

.. Brown-Boveri 

Quebec Power Oo. . . 

. 1.... 

. 550.. 

.1,200.. 

. 1,200. Automatic. 

. .Railway. 

.. .Being erected.Brown-Boveri 

Begina. Oity of . 

. X.... 

. 675.. 

.1,200. . 

. 1,200. Manual . 

. .Railway . 

.. .On order. .. 

.. .Brown-Boveri 

Saskatoon, Oity of . 

. 1.... 

. 576,. 

. 600.. 

600. Automatic . 

. .Railway . 

...1930 . 

.. Brown-Boveri 

Trenton Transit Oo . 

. 3 _ 

. 600. . 

.1,400. . 




. .Brown-Boveri 







Totals: 








Put in service . 

.33. 



75,225 




Being installed. 

.26*. 



71,400* 




On order. 

.29. 



79.276 




Grand total for year. 

.88*. 



226,900* 





additkni tme spare 500-kw. rectifier tank (without transformer) was supplied* 
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on the Delaware, Lackawanna & Western Railroad 
Electrification (Fig, 16) was the outstanding event of 
this year. This is the first installation of 8,000-volt 
rectifiers in the United States and the first use anywhere 
of so great a capacity of such units. It is also the first 
instance of a major railroad electrification relying 




Fia. 16—^3,000-Kw., 3,000-V olt, Mercury Arc Rectifiers 
(QE)— Roseville Substation, Delaware, Lackawanna & 
Western R. R. Electrification 

entirely on rectifiers for the supply of power. These 
rectifiers are equipped with excited grids and with auto¬ 
matic compounding. 

Another outstanding feature is the very large number 
of units ranging in voltage from 550 to. 650 volts with a 
current rating in excess of 3,000 amperes, notable 
among which are 28 sets (GE) with an aggregate ca¬ 
pacity of 69,000 kw. on order by the New York Board 



Pia. 17—3,000-Kw., 660 -Volts, Mercury Arc Rectiiteb 
(BB)— ^Lonq Island R. R. 

of Transportation. (The first seven units of this order 
were reported last year under the heading “City 
Subways of New York.”) 

Five units (BB), having a normal rating of 4,650 
amperes at 650 volts, with overload ratings up to 16,000 
amperes for twenty seconds, are bdng erected for the 


Long Island Railroad (Pig. 17). These rectifiers have 
eighteen anodes and normally operate from a 25-cycle 
source of supply but are arranged for immediate throw- 
over to a 60-cycle source of supply in the event of failure. 
The transformers are also suitable for operation at 
either 11 or 33 kv. 

A 2,200-kw., high-voltage electric fmnace set is also 
being erected (BB). The d-c. voltage may be varied 
from 3,600 to 9,600 volts by means of load-ratio control 
on the rectifier transformer. This is the highest voltage 
for commercial rectifiers which has been reported in 
this country. Smaller units of higher voltage have, 
however, been used for large radio broadcasting stations 
in Europe. 
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Electrochemistry and Electrometallurgy 

ANNUAL REPORT OF COMMITTEE ON ELECTROCHEMISTRY AND 

electrometallurgy* 


T his report covers the period 1929 and 1930, 
inasmuch as no report was made in 1929. 

It is believed worthwhile to indicate the mag¬ 
nitude of the electrochemical and electrometallurgical 
industries in terms of installed capacity and yearly 
power consumption. The figures for the United States 
are as follows: 


Approximate installed operating capacity» kw. 7,000,000 

Approximate percentage of National total generating 

capacity. 

Approximate annual power consumption, kw-years. 4,900,000 

Approximate percentage of total. 3 g 

Number of workers.’ 1 ,000,000 

Value of product. $12,000,000,000 


Quantities and percentages such as these would seem 
to warrant the liveliest interest on the part of men 
having electrical engineering training, particularly the 
younger men who find themselves faced with limited 
opportunities for advancement in those more standard¬ 
ized fields of the electrical art involving the design and 
m^ufactiue of apparatus for the production and dis¬ 
tribution of electrical energy. The development of new 
materials or processes based upon the utilization of this 
power is a field requiring talent of high order and one 
which it seems should be very attractive to men of 
electrical training who can and will superpose on an 
electaical background a knowledge of the fundamentals 
of physical chemistry. 

Below is given a list of the more important industries 
whose basic processes are dependent upon the utiliza¬ 
tion of electricity for other than mechanical purposes: 

Pfoduction of Metals by Wet Electrolysis. Copper, 
Nickel, Sodium, Zinc. 

Production of Metals from Fused Electrolytes. Alumi¬ 
num, Barium, Beryllium, Calcium, Magnesium. 

Nort-Metcdlie Electrolytic Products. Caustic, Chlo¬ 
rine, Hydrogen, Oxygen. 

Ekctroihsrmic Products. Abrarives, Carbides, Car¬ 
bon, Ferro-Alloys, Graphite, Refractories. 

Miscellaneous. Cleaning and Smface Treatment of 
Metals, Dry Cells, Electric Steel Melting, Electrolytic 
S3mthesis Organic Compounds, Electroplating, Electro- 
static Precipitation, Inductive Melting and Heating, 
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Nitrogen Fixation, Pasteurization and Sterilization, 
Secondary Batteries, Water Purification, Welding. 

When the process problems of these industries are 
analyzed it will be found that they should be attacked 
by men who have been trained to deal with intangibles, 
and that most of the phenomena may be resolved into 
elements among which an electrical engineer who has 
been soundly trained in the basic science of hisartshould 
feel at home. Pursuit of these problems will probably 
lead him far from consideration of the newest thing in 
circle diagrams or the latest refinement in slot design 
but he will have broader scope for his imagination and 
the mental technique bred by electrical training. 

The foregoing comments have been made because 
there are many who feel that the electrical industry 
is more in need of increased outlet for power than of 
further small gains in the efficiency of electrical ap¬ 
paratus per se, and that the great body of expectant 
young electrical engineers must look for adequate 
opportunities for advancement more to the fields of 
utilization and electrical processes than to the con¬ 
ventional ones of apparatus and generation. 

Below is given an outline of the more important 
developments in electrochemical and elecfrometal- 
lurgical art that have become known during the past 
two years. 

Copper 

Although copper refining is probably the largest of 
the electrochemical industries in point of tonnage, no 
important modifications of electrochemical process have 
been reported although operating economies have been 
improved by advances in mechanical equipment and 
materials handling facilities. 

Sodium 

Metallic sodium is now bdng produced on such a 
large scale and so cheaply by electrolytic methods that 
it is the cheapest pure metal in terms of cost jrer unit 
volume. Its electrical conductivity is high enough so 
that its cost on a conductivity basis is lower than that 
of any other metal. These facts have led to a proposal 
that electrical conductors be formed of metallic sodium 
enclosed in a thin-walled tube of some non-magnetic 
^oy steel. 

Metallic , sodium is finding increasing application in 
connection with certain synthetic organic reactions 
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whose nature is not disclosed and certain electrochemi- 
cal interests are said to be preparing to manufacture 
sodium on an unprecedented scale. 

Zinc 

The success of electrolytic zinc refining plants was 
noted in the 1928 report of this committee. This 
development has since been subject to severe compe¬ 
tition because of improvements in thermochemical 
methods. Electrothermal methods have also received 
the attention of investigators and it is probable that 
another year will see marked changes in zinc technology 
due directly to the application of electricity in one way 
or another. 

Aluminum 

The Hoopes process of producing very pure aluminum 
has become of increasing commercial importance, par¬ 
ticularly for containers for various articles in the drug 
and pharmaceutical field. Although the electrical con¬ 
ductivity isappreciably higher than that of ordinary com¬ 
mercial aluminum it has not been commercially applied 
as electrical conductor material. Accurate alloy investi¬ 
gations have been made possible by this very pure ma¬ 
terial and the knowledge thus gained has assisted 
materially in the development of the strong aluminum 
allo3^. 

The usual Hall process rarely produces aluminum 
purer than 99,7 per cent, while the Hoopes process is 
regularly producing metal better than 99.98 per cent 
pure and some metal has been produced by this process 
having a purity of 99.99 per cent. The process is 
carried out in a three-layer cell, wherein the metal to 
be purified exists as a molten anode alloy and rests on 
the bottom of the cell. The electrol 3 rte consists of a 
mixture of cryolite, aluminum fiuoride and barium 
fiuoride. The purified aluminum is electrol 3 d;ically 
deposited in a layer of pure molten aluminum floating 
on top of the electrolsde. Graphite electrodes are 
employed to lead the current out of the aluminum layer. 
The cell operates at a voltage varying from 5 to 7 volts 
and normally a current of 20,000 amperes is employed. 

By anodic treatment in wet electrolytic cells alumi¬ 
num may be given a tough, adherent and corrosion 
resistant surface of oxide which serves as a base for color 
and which is also finding use for protection of aluminum 
alloy aircraft structure from severe corrosion attack 
such as that of salt spray and sea-water. This develop¬ 
ment is still going forward rapidly and is expected to 
become of much greater importance in alxuninum 
technology. 

Electro-plating with aluminum on copper and other 
base metals has been accomplished by the use of a fused 
electrolyte of low melting point comprising the chlo¬ 
rides of aluminum and sodium. Tough, adherent, and 
non-porous deposits of pure aluminum are produced 
and many commercial uses will no doubt be found as the 
technique is improved. 


Barium 

Barium is one of the alkaline-earth elements and is 
charactmized by great reactivity and interesting thermi¬ 
onic properties. It is produced by the electrolysis of 
fused barium salts and has been receiving considerable 
attention because certain of its alloys have useful 
thermionic properties. It has found commercial 
application in a nickel-base alloy for spark plug elec¬ 
trodes and has been of interest as an essential constitu¬ 
ent of allo37B intended for use as cathodes in thermionic 
devices. Such barium allo 3 ^ are, in general, electric 
furnace products. 

Beryllium 

During the past few years the metal beryllium has 
received a great deal of attention, which has been pri¬ 
mly due to the results of systematic research both in 
this country and abroad. Beryllium may be produced 
by an electrolytic process which consists of the electroly¬ 
sis of mixed beryllium oxyfluoride and barium fluoride. 
The only commercial ore of beryllium is a silicate of 
beryllium and aluminum. The beryllium oxide content 
of available ores lies between 6 and 12 per cent. The 
production of beryUixim has been carried out both in 
this country and abroad. 

The future of beryllium does not appear to lie in its 
use as a basic material, but rather as a minor constituent 
in more or less complex allo 3 rs. 

About the only use thus far developed for the pure 
metal is as windows in X-ray tubes, inasmuch as beryl¬ 
lium is extremely transparent to X-rays. Experimental 
use in pistons and piston rings has been reported. 
Continued research will doubtlessly develop new uses 
for this interesting metal, inasmuch as it possesses a 
combination of high elastic modulus, low expansivity 
^d lightness which is y&y attractive to many who are 
interested in mechanical developments. Its electrical 
resistivity is approximately 6,7 microhms per cu. cm. at 
room temperature. 

Magnesium 

This metal is produced by the electrolysis of molten 
magnesium chloride and more recently by means of 
processes in which magnesimn oxide is dissolved in a 
bath of fused fluorides and decomposed by electrolysis 
to give the metal. The production of magnesium in the 
United States has increased from approximately 50,000 
lb. in 1921 to more than 1,000,000 lb. in 1930. During 
1930 majgnesium forgings have appeared on the Ameri¬ 
can market and with continued research it is expected 
that increased quantities of strong mag n AsiuTn jdlo]^ 
in the form of castings and forgings will be rather ex¬ 
tensively employed particularly in airoraft. With 
improved production technique purer metal is bring 
produced and the susceptibility to corrosion lessened 
in consequence. 

The outstanding difficulty in the way of increasing 
the use of magnesium has been the devrioimaent of 
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suitable allo 3 rs and fabricating processes and great 
strides are being made in this direction. 

Electrotechnology of Gases 

The treatment of gaseous mixtures by electrical 
discharges in order to effect chemical reactions that 
would not ordinarily occur has received a great deal of 
attention. The work of Fischer and Peters in Germany 
is particularly interesting in that they find it possible 
to produce acetylene from methane with an energy 
consumption that compares favorably with that re¬ 
quired by the conventional calcium carbide process. 
The cracking of heavy hydrocarbon vapors by corona 
discharge also shows some possibilities. A great deal of 
research is going on in connection with the chlorination 
of hydrocarbons such as methane, pentane, etc., and 
this promises a considerable expansion in the use of 
chlorine, which is an electrolsdac product. Research 
investigations of the chemical effects of bombardment 
by high-speed electrons should also be mentioned. 

Abrasives—Carborundum 

Tungsten carbide cutting tools have found increasing 
application and this has necessitated the development 
of improved abrasive wheds for shaping them. As a 
consequence special grades of carborundum are being 
made, apparently of unusual purity, from which grind¬ 
ing wheels specially adapted to the shaping of carbide 
tools are made. Carborundum base resistors for high 
temperature electric heating furnaces have been con- 
ddffl’ably improved, and several manufacturers have 
designed about this t 3 ?pe of resistor commerdal furnaces 
for operating temperatures between 1,000 deg. and 
1,400 deg. cent. 

Aluminum silicate refractories of very high melting 
point are being fused in electric furnaces and cast into 
blocks and shapes for various purposes, particularly 
for parts for g^iass-melting furnaces. The melting and 
casting of such highly refractory substances is a new and 
interesting departure in industrial ceramic technology. 

Cleaning of Metods 

A wet electrolytic process for the removal of, scale 
from metals which is said to be competitive with pick¬ 
ling and free from many of its objections has been put 
on a commercial baas. Hydrogen embrittlement is 
prevented by the automatic deposition of a thin film of 
lead on any area of dean metal as soon as it is exposed 
by scale removal. This lead film may be allowed to 
remain as a protection against corrosion or removed by 
anodic oxidation by reversal of the electrolyzing current. 

Eketrochemical Standards 

The inter^t in our electrochemical standards for the 
international ampere and the intmiational volt has 
been continued and during the coming summer coopera¬ 
tive measurements oii these standards will be carried 
out at the Physikalisch-Technische Reichsanstalt. 
For this pinpose Dr. G. W. Vinal, Chief, Section of 


Electrochemistry, U. S. Bureau of Standards and a 
membar of this Committee is being sent to Germany. 
He will also make measurements at the Laboratoire 
Central d’Electridte in Paris, and the National Physical 
Laboratory in England. 

Primary and Secondary Batteries 

During the past year the American standard for dry 
cells has been revised and a new standard approved by 
the American Standards Association. This standard 
has been published by the Association and also by the 
Bureau of Standards as Circular No. 390. The technical 
i^equirements of the Grovemment specifications are 
identical with those of the American standard, but the 
GovOTnment specification is bcmg revised to accord 
with the form prescribed by the Federal Specifications 
Board for all Government specifications. 

The Federal specifications for automotive storage 
batteries have been approved and published during the 
year. These are designated as W-B-131 and are con¬ 
tained in section 4, part 5 of the Federal Standard Stock 
Catalog. 

The past twelve months have witnessed a consider¬ 
able decline in the demand for primary battay products 
in general due to the business depression and the reduc¬ 
tion in the number of battery operated radio sets in 
activ'e use. This has naturally affected most the 
production of B batteries, though the production of 
6-in. dry cells, many of which were also used for radio, 
has been seriously affected as well. The, demand for 
flashlight batteries seems actually to be on the increase 
due perhaps to the appearance on the market of a 
rather wide variety and a considerable number of 
inexpenrive flashlight cases which have apparently 
been widely bought. 

The general decrease in demand for battery products 
has resulted in a tendency to reduce prices and on the 
part of at least the larger manufacturers to strengthen 
quality. Many of the smaller manufacturers have 
been forced out of the business as a natural consequence. 

The year has brought the development of the indus¬ 
trial flashlight battery intended for use by public service 
corporations, railroads, theaters, and manufacturing 
organizations where the demand on the battery is con¬ 
siderably heavier than in ordinary flashlight use. At a 
recent conference at the Bureau of Standards two tests 
were standardized as representative of the industrial 
types of service and this has greatly facilitated and in¬ 
telligently guided the development of satisfactory cells 
for this specific application. 

Special radio B batteries of superior i)erfonnance 
have been developed in response to demand created by 
radio-equipi)ed automobiles for police squad use as well 
as for privately owned machines. 

In the 6-in. dry cell group there has been a further 
advance in the life of the better telephone cells. Cer¬ 
tain makes have reached the ranarkably high figure of 
860 days on the standard light intermittent test which 
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compares with a maximiun of about 180 days ten years 980 cycles, but the trend is downward, particularly for 


ago. 

An interesting new development which has occurred 
in the primary battery field during the past year is the 
introduction by one manufacture of an air depolarized 
portable caustic soda battery designed primarily for use 
as an A battery for specially designed radio receivers 
using the new two-volt tubes and operated entirely by 
batteries. It is hoped that radio receivers of this type 
will develop wide application in rural districts where 
power is not available for operating electric radio sets 
and where storage batteries cannot be conveniently 
charged. This so-called air cell radio A battery is said 
to be good for a year’s average service with one of these 
receivers. The basis of its operation is the absorption 
by a porous carbon electrode of the oxygen from the 
air which is carried to the surface of the electrol 3 rte 
where it acts as a depolari^ for the cell. While the 
principle employed is not a new one, its application to a 
portable practical battery is believed to be new. 

Dtiring the year, the revised American Standard for 
Dry Cells has been published, both by the American 
Standards Association of 29 West 39th Street, New 
York City, and by the Btueau of Standards in its 
Circular No. 890. 

In the field of storage batteries the recent publication 
of the Federal Spedfication for Automotive Batteries, 
designated as W-B-131, may be mentioned. 

A new storage battey, the Drumm alkaline cell, 
which involves the use of an electrolyte of potassium 
hydroxide with electrodes of nickel and other sub¬ 
stances not disclosed, is said to provide reduced weight, 
increased efficiency, and the possibility of recharging in a 
80 minute period. The e. m. f. is 1.6 volts. Successful 
trials in heavy trucking service are reported from 
England. 

Electric Melting Furnaces 

The demand for better metallurgical performance 
of arc furnaces is bringing about refinements in control 
gear among which are the use of tap-changing trans¬ 
formers to enable more precise voltage control and a 
tendency toward the adoption of hydraulic drive for 
electrodes, in which pilot valves responsive to furnace 
current, voltage or kva. operate to conlrol fluid flow 
to the dectrode driving cylinders. More prompt re¬ 
sponse, improved sensitivity and absence of hunting 
are said to be provided by hydraulic operation. 

Induction furnaces of the submerged ring type are 
finding somewhat wider application owing to improve¬ 
ments in refractories and in a few places abroad have 
been used on high-nickel alloys and for superheating cast 
iron for high-strength castings. 

Coreless induction furnaces opiating at bigti fre¬ 
quency have found commercial application in sizes up to 
two tons, with power rating up to 600 kw. High- 
frequency generating units of 1,250 kw. are being built 
to supply 3J^ ton furnaces. A common frequency is 


large units. Commercial frequencies have been success¬ 
fully applied and one manufacturer has successfully 
operated experimental four-ton units at 60 cycles, the 
entire kva. requirement being supplied by a motor- 
generator set. Considerable attention has been given 
to the technique of refining in these induction furnaces 
and some success has been attained. 

Oxygen-free copper from large inductively heated 
furnaces is a commercial possibility of the near future. 
Such a material would avoid some of the weaknesses 
of present commercial copper and in particular its 
tendency to embrittlement when subject to hot reducing 
gases. Unusually high ductility may make it interesting 
for some mechanical uses. 

The heat treating of steel and other alloys in con¬ 
trolled atmospheres by means of electric resistor fur¬ 
naces has become a well established and rapidly growing 
practise. Initially forced by severe requirements of 
steel users it appears that economies may be realized 
which will offer further incentives to advance in this 
direction. Such processes are being applied to copper, 
brass, low-carbon and high-carbon steels, nickel, cor¬ 
rosion-resistant alloys, and magnetic materials over a 
range of temperatures extending from 500 d^. cent, to 
1,200 deg. cent. 

Water Purification 

Electrol 3 rtic purification of water has been receiving 
considerable attention following the announcement, 
in Germany, of a process and apparatus in which water 
is pas^d through a succession of diaphram type elec¬ 
trolytic cells which cause concentration of ionogens in 
the electrode compartments. It is susceptible of large- 
scale operation but so far has been used mainly to com¬ 
plete the purification of distilled water. 

Sterilization of Milk 

The electropure process of milk conditioning effects 
pasteurization by passing the raw milk rapidly between 
carbon electrodes where it is heated by the passage of 
60-cycle current. This scheme enables refinements in 
the control of the time and temperature variables that 
have hitherto been impracticable and the quality and 
uniformity of the product are thereby enhanced. 

Electrostatic Precipitation 

The results of test of improved hot-cathode vacuum 
rectifiers indicate that it will be possible to improve the 
operation and decrease the physical dimensions of the 
electrical end of precipitation plant. Increased use of 
powdered coal firing has caused the ash which is carried 
up the stack to be troublesome and electrostatic precipi¬ 
tator equipment is finding application in this connec¬ 
tion. The same fundamental ideas are being applied to 
the separation of suspended solids from liquids. The 
purification of insulating oils is a case in point and it is 
stated that by electrostatic cleaning higher breakdown 
values can be obtained than by methods now in general 
use. 
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Melal Powders 

Finely divided metals find numerous uses in rVipniirml 
technology and as pigment in the decorative arts. 
Eleetrol 3 d;ie means have been developed for producing 
copper, tin, nickel, silver, and lead in crystalline form 
in si74es as fine as 500 mesh. 

Miscellaneous Process and Plant 
Mercury Arc Rectifiers 

There are under construction for a Canadian Plant 
mercury arc rectifiers rated at 6,500 kw. each (10,000 
amperes, 660 volts) to be used for the electrolytic 
production of hydrogen. 

Rotary Converters 

Another electro-chemical plant has installed syn¬ 
chronous converters with load ratio control type trans¬ 
formers to furnish direct current for an electrolytic 
process. These machines are rated at 5,440 kw. each 
(16,000 amperes, 340/370 volts). These machines are 
also of interest because of their use of volute housings 
as part of the ventilation system. 

Electrodeposition of Tungsten 

The electrodeposition of tungsten in the wet way from 
alkaline baths has been accomplished on a laboratory 
scale. Tungsten possesses such marked resistance to 
acid attack and to wear that this development may 
prove to be of considerable industrial importance. 

Heat Treating Furnaces 

A marked interest was shown by the steel industry 
in the use of electric furnaces for heat treatment 
service. One plant installed two 1,100-kw, resistor 
type furnaces 60 tons capacity each, one 1,000-kw. 
similar furnace; and other furnaces, making a total of 
4,500 kw. 

The use of artificial atmospheres in electric furnaces 
for heat treatment processes is making considerable 
progress. One steel plant has installed 2,000 kw. in 
furnace capacity for bright annealing of steel strip. 

Electrically heated and controlled apparatus for con¬ 
trolling the composition of the gases used are coming 
into evidence. 

The special requirements of the nitriding process 
which involves heating to approximately 550 deg. cent, 
articles of special alloy steel (containing small amounts 
of Cr, Al, Mo, and Ni) in an atmosphere of ammonia 
has led to the development of furnaces with special 
provisions for circulating the ammonia. Heat transfer 
is effected by forced convection instead of by radiation. 


It appears possible that the application of this principle 
will find extended application in special-pmpose fur¬ 
naces in which control of atmosphere is important. 

In both the heat-treating and melting fields the re¬ 
finements of metallurgical technique and the growing 
recognition of the value of high quality and uniformity 
of product have brought about such profound changes 
in the design and operation of fixmac^ that they are 
coming to resemble machine tools rather than the piles 
of brick that the word usually calls to mind. 

Conclusions 

It is believed that this report reflects the more im¬ 
portant trends in electrical process technology and 
hoped that it may draw the attention of electrically 
trained men to the very interesting possibilities in the 
field of the development of processes and materials 
dependent upon the forces that only electricity can 
bring into play. 

The Chairman wishes to acknowledge the assistance 
given by members of the Committee and by numerous 
individuals in the preparation of this report which is 
respectfully submitted on behalf of the Committee on 
Electrochemistry and Electrometallurgy. 


Discussion 

Lawrence Addickss There is no need to confine the list of 
metals produced (by electrochemical means) to copper, nickel, 
sodium and zinc. Most of the silver and gold and a large minority 
of the lead is so produced. 

An important new use of calcium is well under way, namely its 
use to displace bismuth from lead. Much work is being done on 
a cheap method of producing the lead-calcium alloy used as a 
reagent and one of the most promising starts with calcium car¬ 
bide, an electrochemical product. One of the more expensive 
methods was by way of Frary metal, another electrochemical 
product. 

Electrochemistry is about one-third each, chemistry, physics, 
and electrical engineering. Very few are proficient in all three. 

J« Lester Woodbrld^es I have been able to obtain con¬ 
siderably more detailed information in regard to the Drum 
alkaline storage battery than is contained in this report. It 
appears that the positive plate used in the tests in electric traction 
service conducted under the supervision of the Irish Free State 
last summer was of the standard nickel oxide type. The negative 
plate consisted of the standard nickel plated negative grid used 
in the nickel alkaline battery into which metallic zinc was plated 
from the electrolyte which consisted of a solution of potassium 
hydroxide and a soluble compound of zinc. 

I have this information on quite reliable authority and believe 
it to be correct. 

Magnus Ungers Mention should be made of the develop¬ 
ment of fused quartz mirrors for observatories, work being done 
by the Thompson Eeseareh Laboratory of the General Electric 
Company. 



Electrophysics 

ANNUAL REPORT OF THE COMMITTEE ON ELECTROPHYSICS* 


T he annual report of the Committee on Electro¬ 
physics has generally taken the form of an account 
of the progress in the field of eleetrophysics during 
the preceding year. In view of the steady increase of 
the activity in this field the matter to be covered has 
increased greatly, and the report for the year 1929-1930 
was a lengthy one in ^ite of all efforts to keep its size 
down to a miniTn nm. 

At a meeting of the committee held January 30,1931 
its field of activity and in particular its annual report 
were discussed at considerable length. It was the 
^nse of the committee that it was one of the most 
important of its functions to bring to the attention 
of electrical engineers the progress being made in 
electrophysics. It was felt very strongly, however, 
that this cannot be done in the best possible fashion 
by reporting the progress for a year at one time and 
publishing it as a unit. Accordingly, the committee 
decided that it could be of much greater service to the 
engineering profession if its reviews of the progress in 
elec^physics were published from time to time by 
subjects instead of annually as a unit. As a result the 
plan was adopted of publishing reviews of the progress 
of electrophysics by subjects in Electrical Enginebe- 
piG. Each contribution will aim to cover the progress 
in its particular field from the date of the preceding 
report as nearly up to the date of publication as is 
possible. A tentative schedule of the proposed sub¬ 
jects is as foUows: 

Magnetism and Magnetic Materials. 

Propagation of Electric Waves. 

Electric Discharges in Gases. 

Dielectrics. 

Thermionics and Photoelectricity. 

Vacuum Gas Discharge and Photoelectric Tubes. 
Electric Conduction in Solids. 

Elec^magnetic Theory. 

In addition the Committee plans to sponsor from 
time to time for publication in Electrical Enginber- 
piG papers by recognized authorities on various subjects 
in electrophysics of interest to electrical engineers. 
One such paper is published herewith. After all the 
reviews for any one year have been published, they 
may be collected and published togethm:* in the Trans- 
AcnoNS if it should be considered desirable. 

*C0I1HITTSB OH SLECTROPHTSICS; 

Oliyer B. Buckley, Gbalrnum, 

^Bush, W. B. Eonwenhoveu, HietshPage, 

W. G. Oady. O. M. J. Mackay, W. S. Bodman, 

W. P. Oayidson, E. B. McBadiron, J. Sleplaii, 

O. L. Portescue, t. W. McEedian, W. P. G. Swann. 

W. S. Gorton. H. Nyqulst, 


Magnetism and Magnetic Materials 

The following review of progress in magnetism and 
magnetic materials covers the period since the last 
report of the Electrophysics Committee. The progress 
in other phases of eleetrophysics will be covered simi¬ 
larly in succeeding reviews. The Committee also may 
offer from time to time papers on subjects in electro¬ 
physics of interest to electrical engineers. 

Magnetism 

Our understanding of ferromagnetism has advanced 
during the period since our last report (Jl. A. I. E. E. 
49, 721, 1930) in several important respects. Heisen¬ 
berg’s interaction theory, which r^ers the stability of 
magnetization to the low potential energy of codirected 
electron spins in neighboring atoms, has been applied 
by Powell {Proc. Pkys. Soc. 42, 390, 1930) to explain 
the change in dimensions which take place when iron 
and nickel lose their ferromagnetism on heating. 
This change, a decrease in the case of iron, an increase 
in the case of nickel, is isotropic, being thus wholly 
unlike the principal part of magnetostriction which 
differs greatly in different crystallographic directions. 
It is concluded from the fact that both signs of change 
occiff that some account must be taken, at least in the 
case of iron and probably in all cases, of atoms more 
remote than the immediate neighbors. Becker and 
Kirsten (Zeitsch. f. Pkysik 64, 660, 1930) who identify 
the stabilizing forces with internal elastic strains, have 
succeeded in getting rather good agreement between 
the permeability of hi^y stressed nickel as measured 
and as calculated from limiting magnetostriction and 
the elastic moduli. Rankin (J. Roy. Tech. Coll. 
Glasgow 2,385,1931) has continued his experiments on 
magnetostriction in overstrained metals. Akulov has 
continued his discussions of the relations between 
magnetostriction, magneto-resistance and elasticity 
concluding in his latest papers {Zeitsch. f. Physik 67, 
794,1931; Phys. Zdts. 32,107,1931) that the magnetic 
behavior of single crystals is fully explained by a dual 
process of reversals and rotations of the magnetic 
elements and that the magnetic properties of poly¬ 
crystalline metal vnthout large scale anisotropy can be 
calculated from data obtained for monocrystals. 
McKeehan (Rev. Mod. Phys. 2,477,1930; 3,190,1931) 
has reviewed the content and relations between the 
current theories of ferromagnetism and some of the 
recent experimental evidence pertinent tiiereto. 

Several papers, in addition to that of Powell, already 
referred to, deal with the experimental and theoretical 
1618 
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aspects of the Curie point. Tyler {Phil. Mag. [7] 11, 
696, 1931) shows that the decrease of apparent satura¬ 
tion v^ues with rise of temperature is practically 
according to the same law for iron, cobalt, and nickel, 
and that this is consistent with the idea that in all 
thr^ metals single spinning electrons are free to change 
their axial direction, although in all these cases the 
average number of such magnetizable electrons per 
atom is greato* than one. According to these data, 
therefore the ferromagnetic unit is sub-atomic rather 
than atomic. Above the Cmie point it appears 
(Stoner, Phil. Mag. [7] 10, 27, 1930) that atoms begin 
to act as units. Porrer and Hoffmann (Comptes Rmdus 
191,1046,1930) present new evidence for a doubling of 
the (ferromagnetic) Curie point in nickel, the coercive 
force tet decreasing, then increasing, and finally 
decreasing again as the temperature rises. An apparent 
disagreement between two experimenters, Weiss and 
Bates, in regard to the tanperature at which the 
specific heat anomaly becomes greatest as the Ctme 
point is approached has been dissolved by new evi¬ 
dence. Bates {Proc. Phys. Soc. 42, 441, 1930; 43, 
87, 1931) now also finds this temperature to be 
where — d P/d T is maximum; his earlier experiments 
were vitiated by an irreversible change in the proper¬ 
ties of his material (manganese arsenide) produced 
by the small rise in temperature (magneto-caloric 
effect) associated with applying the magnetizing field. 
Incidentally, the specific heat anomaly is here far 
too large to be ascribed to an elementary magnet 
like that in iron or nickel. 

The anomalous temperature coefficient of electrical 
resistance for ferromagnetics near their Curie points 
is closely associated with their magnetizability. Got- 
lach {Zeitsch. f. Physik S9, 847, 1930; Ann. der Physik 
[5] 6, 772, 1930) and Borelius (Ann. der Physik [6] 8, 
261, 1931) present opposing opinions regarding the 
anomaly. The former in agreement with earlier work 
of Cabrera regards the high-temperature state (above 
the Curie point) as normal and the low-temperature 
state as possessing an abnormally low resistance, the 
latter supports the contrary view that it is the low- 
temperature or completely magnetized state which has 
normal resistance. The transition as the Curie Point 
is approached from below is the same whichever view 
is taken. 

The closely related subject of heat production during 
magnetization and demagnetization has been examined 
in a preliminary way by Gilbert {Comptes Rendus 191, 
1309, 1930) who finds no cooling in cobalt steel at H 
up to 18,000 except that attributable to the magneto¬ 
caloric effect of Weiss. The more complete report of 
Ellwood’s results {Phys. Rev. [2] 36, 1066, 1930) con¬ 
firms his earlier finding of a cooling in carbon steel at 
low values of H on the ascending branch of a loop, and 
aimounces a second stage of cooling at moderate 
values of H. It should be noted that the magneto-^ 
caloric effect would accotmt only for a minute heating 
in this part of the loop. 


An effort has been made by Bitter {Phys. Rev. [2] 
37, 91, 1931) to coordinate ferromagnetic behavior 
with the small scale impo^ection of metallic crystals 
recently predicted by Zwicky {Helvetica Physica Acta 
3, 269, 466, 1930; 4, 49,1931). Frenkel and Dorfman 
{N(dure 126, 274,1930) deal with the same problem on 
purely thermod 3 mamic principles, deciding that a large 
cr 3 ^tal cannot act as a magnetic unit. 

Experiments on the Barkhausen effect in a rotating 
magnetic field (Cisman, Ann. der Physik [6] 6, 825, 
1930), make it more plausible than ever to suppose that 
the occurrence of a discontinuity in magnetization 
reqtiires a definite degree of divergence between the 
applied field and the local magnetization. Th^^e is, 
m fact, a decided parallelism between Cisman’s Bark¬ 
hausen effects and hysteresis in rotating fields, most 
recently studied by Seiyama {Mem. Kyushu Univ. Coll. 
Engg. 5, 227, 1930). Heaps and Bryan {Phys. Rev. 
[2] 36, 326, 1930) have shown that large changes in 
magnetization and in magnetostriction are simul¬ 
taneous. Bozorth has just discovered {Nature 127, 
XXX, 1931) that in a very slowly changing magnetic field 
the Barkhausen discontinuities which can be detected 
by a high-^eed oscillograph occur in closely grouped 
sets with quiet intervals between them. These com¬ 
pound events, in proximate analysis, can easily be mis¬ 
taken for single events. This apparently explains the 
wide disagreement between published statements as 
to the volume of metal affected in a single discontinuity. 
The time required for the spreading of a major mag¬ 
netic disturbance has been studied by Sixtus and Tonks 
{Phys. Rev. [2] 36,1441,1930). 

The gyromagnetic effect, hitherto only observed in 
ferromagnetic materials—^most recently by Barnett 
{Phys. Rev. [2] 36, 789,1930)—^has now been measured 
for a paramagnetic material by Sucksmith {Proc. Roy. 
Soc. [A] 128, 276,1930; Proc. Phys. Soc. 42, 385,1930). 
The phenomenon is merely easier to observe in ferro¬ 
magnetics on acco\mt of their easier magnetization. 

In studies on diamagnetic and weakly paramagnetic 
metals the theory has been improved by Landau 
{Z^ch.f. Physik 629, 1930) and Teller {Zeitsch. f. 
Physik 67,311,1931) so that better predictions are now 
possible as to the diamagnetism to be expected from 
conduction electrons. On the experimental side rela¬ 
tively enormous changes in susceptibility—^much larger 
than the changes in conductivity maike probable— 
have been reported by Honda and Shimizu {Nature 126, 
990,1927) and by Bitter {Phys. Rev. [2] 36, 978, 1930), 
both of whom measured the susceptibility of copper 
as affected by cold work and annealing. Banta {Phys. 
Rev. [2] 37, 634, 1931) has attempted without success 
to duplicate Bitter’s findings. 

Spectroscopic evidence that some atomic nuclei 
have a small magnetic moment continues to accmnulate 
(Fermi, Zeitsch. j. Physik 60, 320,1930; Goudsmit and 
Young, Phys. Rev. [2] 35, 1418, 1930; Frisch and 
Ferchmin, Naturwiss, 18, 866,1930). The effect upon 
gross magnetic properties of such nuclear magnetic 
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moments as have yet been shown to exist must be very 
small. 

Effects of magnetic fields on electrical resistance and 
electric potential with or without the presence of ther¬ 
mal currents and temperature differences have been 
reviewed on the basis of the new electron theory of 
metals by Sommerfeld and Prank {Rev. Mod. Phys. 3, 
1, 1931). The proper mode of description of these gal- 
vanoelectric, thermoelectric, galvanomagnetic and ther- 
momagnetic effects have been discussed by Perrier 
{Hdvetica Physica Acta 3, 317, 400, 1930). The con¬ 
ditions are especially complicated in the case of ferro¬ 
magnetics. Pugh {Phys. Rev. [2] 36, 1503, 1930) has 
shown for iron that the magnetization, I, or the ferro¬ 
magnetic induction, B-H, is more important than 
either H or B in fixing the magnitude of the Hall e. m. f. 
Stierstadt {Zdtsch. f. Physik 65, 575, 1930; 67, 725, 
1931) has studied magneto-resistance in electrol 3 rtic 
iron for both longitudinal and transverse magnetiza¬ 
tions. Williams and Sanderson {Phys. Rev. [2] 37, 
309, 1931) present new data on magneto-resistance in 
nickel strips of different mechanical history. 

The magneto-resistance of bismuth single crystals 
at extremely low temperatures, below 20 deg. K, 
has been studied in detail by Schubnikow and de Haas 
{Nature 126, 600, 1930; Proe. Amsterdam Acad. 33, 
363, 418,1930), who find a whole series of unexpected 
phenomena. Unlike the magneto-resistance at higher 
temperatures the relative change in resistance is no 
longer a smoothly varying function of the applied field, 
li, nor of the azimuth in any crystallographic plane 
yet examined. At higher temperatures, however, 
theory has caught up with experiment, for PYank 
{ZeUseh. f. Physik 64, 650, 1930) has shovm that the 
straightening out of AR/Rvs. H curves at high H values, 
first observed by Kapitza, is completely accounted for 
by the quantum theory of electronic conduction. 
The parabolic increase of AR/R, formerly supposed 
to be called for by the theory, is only possible for 
relatively limited ranges in H. 

One of the most puzzling experimental results re¬ 
cently published is that of Allison and Murphy {Am. 
Chem. Soe. Jl., 52, 3796, 1930), who report that the 
magnetic double refraction (Faraday Effect) in cer¬ 
tain solutions is characteristic, not only of the elements 
present but even of the number of isotopes of each, and 
furnishes a highly sensitive means for chemical analysis. 

In the domain of magnetometry Sanford has been 
investigating magnetic permeameters, particularly those 
for use at high inductions {Bu. Std. J. Res. 4, 177, 
703, 1930 ; 6, 365, 1931). A new level of precision in 
magnetic curve tracing has been attained by Haworth 
{Bell System Tech. Jl. 10, 20> 1931; Rev. Sdent. Instr. 
[N. S.] 2, 126, 1931) who compensates the torque of a 
fluxmeter suspension by a photoelectric current de¬ 
pending upon the momentary deflection. Briiche 
{Zeitsch. f. tech. Physik 12, 94, 1931) has considerably 
refined the methods for exploring magnetic fields by 
narrow beams of cathode rays. Freed and Kasper 


{Phys. Rev. [2] 36, 1002, 1930) have improved the 
accuracy of Gouy^s method for measuring the suscep¬ 
tibility of weakly magnetic solutions. 

A stimulating book by S. R. Williams^ gives a read¬ 
able account of the experimental side of the subject of 
magnetism, with especial emphasis on ferromagnetism. 

An important announcement regarding magnetic 
units as adopted by the International Electrotechnical 
Commission was made by Dr. Kennelly at the Winter 
Convention in New York. The electrophysics com¬ 
mittee is by no means unanimously in accord with the 
su^estions of the international body. Some of our 
members feel that the already existing confusion in 
regard to the physical significance of B and H is in¬ 
creased rather than diminished by giving physical 
dimensions to their ratio. It is interesting to notice 
that a body of German engineers went even farther 
than the I. E. C. in the effort to rationalize empirical 
relations {Elektroteeh. u. Maschinenbau 48, 950, 1930). 

Magnetic Materials 

The results of many investigations carried out in 
the past three or four years confirm the view that 
crystal grain size is one of the important factors in 
magnetic materials. Yensen {Metals and AUoys, 1, 
493-495; 1930) has proposed an expression for the 
hysteresis loss in iron in terms of the crystal grain size 
and impurities in the metal, leading to the conclusion 
that for perfect single crystals, free from impurities and 
internal strain, the hysteresis loss vanishes. Gerlach 
has more recently arrived at a similar conclusion. 
{Zeitsch. f. Physik, 64, 602-606; 1930). On the other 
hand Von Auwers and Sizoo {Zeitsch. /. Physik, 60, 
576-580; 1930) conclude that crystal grain size has 
much less influence on rananence than on hysteresis loss 
and coercive force. 

What promises to be of great importance is the 
announcement by CioflS {Nature, 126, 200-201; 1930) 
that ordinary polycrystalline iron may be made to 
acquire very high permeability by heat treating at 
high temperature in hydrogen. The reported initial 
and maximum permeabilities are 6,000 and 130,000, 
respectively, ahd the coercive force and hysteresis loss 
are re^ectively 0.06 gauss and 300 ergs/cu. em./cycle, 
for B„ = 14,000. Later unpublished values give 
180,000 for the maximum permeability, 0.025 gauss for 
the coercive force and 190 ei^/cu. em./cycle for the 
hysteresis loss for the same maximum induction. 
These properties are ascribed partly to purification of 
the iron and partly to the hydrogen actually absorbed 
in the metal. Further correlation appears to be neces¬ 
sary between crystal grain size and magnetic properties 
in view of these results, since the grain size of this 
material appears to be of little importance. 

The existence of the At point in carefully purified 
iron occurring reversibly between 907 deg. cent, and 

1. “Mai^netio Phenomena,” MoOmw-Hill, 1931. 



December 1931 


ELECTE0PHYSIC8 


1621 


910 d^. cent, has been confirmed by Robots and 
Davey (Afetofe and, Alloys 1, 648-654; 1930), by X-ray 
crystaillographic detmninations. This fact has redently 
be«i a matter of some dispute (Yensen, A. 1. M. & M. E., 
Inst, Metals Div., 320-332; disc. 332-349; 1929). 

The increasing importance of nitrided steels has led 
to further investigations of the iron-nitrogen system. 
Qualitative and quantitative measurements by Lehrer 
(ZeitschT. /. Etectrochem., 36, 460-473; 1930) by means 
of magnetization-temperature curves have been used 
to construct the equilibrium diagram for the iron- 
nitrogen system. The results show that up to 11 
per cent nitrogen there are four phases, in agre^ent 
with the X-ray determinations of Hagg (Zeitsdi. f. 
Physik. Chem. 8, 456-474; 1930) and Eisenhut and 
Kaupp (Zeitschr. f. Electrochem. 36, 392-404; 1930). 
KSster {Archiv. /. EisenhiiUenwesen 3, 637-648; 1930) 
has shown that nitrogen in a-iron remains in super¬ 
saturated solution even after slow cooling, requiring pro¬ 
longed heating at low temperatures for complete 
separation, with a resultant increase in conductivity 
and increase in coercive force from 4 to 7 gauss. The 
segregation of nitrogen in the supersaturated solution 
is further accelerated by cold working (Arckiv f. Eisen- 
hiittenwesen, 3,649-658; 1930). 

A number of alloys of iron and non-magnetic ele¬ 
ments has been investigated. Pure electrolytic iron 
having a trace of phosphorus has been found to have 
better magnetic prop^es than commercial silicon 
steel. (Gayler, MetaUmrtschaft, 9, 677-679; 1930.) 
The iron-alicon system has been studied by Haughton 
and Becker, (Iron and Steel Inst. Jl., 121, 316-335; 
1930) using metals of higher purity than heretofore. 
The existence of phases corresponding to the compounds 
FeSi, and Fe 8 Si 2 have been confirmed, and in addition 
a phase which is probably the compound FesSi*. The 
addition of 14.6 per cent silicon lowers the Curie point 
of iron to 490 deg. cent. A magnetic transformation 
point occurring at 82 deg. cent. in . the FejSia phase 
confirms the earlier work of Murakami (Tohoku Imp. 
Univ. Sd. Rep., 10, 79-92, 1921). Oya (Tohoku Imp. 
Univ. Sd. Rep. 19, 235-245; 1930) has found that 
additions of vanadium to iron first raise the Curie point 
then depress it, so that it is room temperature for 35 
per cent vanadium. The alloys of iron and chromium 
witii approximately 18 per cent chromium have been 
foimd to have zero magnetostriction (Dean, Rensselaer 
Polytech. Inst. Bull. No. 26, Eng. and Sci. Series; 1930). 
Fischer (Rensselaer Polytech. Inst. Bull. No. 28, Eng. 
& Sci. Series; 1930) has foimd that this range of alloys 
has higher permeaHlity and is less sensitive to quench¬ 
ing strains than other alloys of this group. This 
behavior has already been observed in permalloy 
(Buckley and McEeehan, 26, 261-273; 1925) and is in 
accordance with McKeehan’s theory of magnetostric¬ 
tion (Phys. Rev. 28, 168-166; 1926), Kussmann, 
Schamow, and Messkin (SpM u. Eisen, SO, 1194-1197; 
1930) have found that additions of copper up to 
0.7 pa: cent increase the resistance of iron to corrosion 


without impairing its magnetic and electrical proper-, 
ties. A general deterioration of these properties is 
obtained for higher coppo: concentrations. 

The relation of magnetic properties to mechanical 
hardness '.las been investigated by Messkin (Stahl u. 
Eisen, 50, 105-106; 1930) who has found that cold roll¬ 
ing increases the remanence and coercive force of 
carbon steel; and by Herbert (Pros. Roy. Soc., 130, 
514-523; 1930) who has observed age hardening of 
steel and non-magnetic metals subjected to a changing 
magnetic field. 

Sachse and Hasse have found that (Zeitseh. f. Physik 
Chem., [A] 148, 401-412; 1930) regular crystals of 
ferromagnetic ferric oxide, Fe 203 , are unstable at all 
temperatures, the susceptibility falling by 60 per cent 
in 4 years at room temperature. The fact that ferric 
oxide has 10““ the conductivity of the ferromagnetic 
metals, leads Sachse (Zdtseh. f. Phys. Chem., [B] 9, 
83-91; 1930) to conclude that free electrons cannot be 
concerned in its magnetic properties. The ferrites of 
magnesium, lead, copper, and nickel are also ferro¬ 
magnetic at ordinary temperatures, cadmium ferrite 
being sometimes ferromagnetic and sometimes para¬ 
magnetic (Holgersson and Serres, Comptes Rendus, 191, 
35-37; 1930). In mixtures of Fe208, NiO, and CoO, 
Veil (Comptes Rendus, 190, 181-183; 1930) has foimd a 
higher coefftcient of magnetization for the composition 
represented by (Fe20s)2 NiOCoO. 

A somewhat higher Curie point has been obtained 
for nickel by Jordan and Swanger (Bur. Std. Jl. of Res. 
5,1291-1307; 1930) which is believed to be due to the 
greater purity of their nickel specimen. Sadron has 
found that (Comptes Rendus, 190, 1339-1340; 1930) 
small additions of chromium to nickel, causes the 
saturation value at absolute zero to diminish linearly 
with chromium content, the Curie point for an alloy 
with 12 per cent Cr being absolute zero. 

Widespread interest in the nickel-iron alloys coming 
under the collective name of permalloy is indicated by 
its numerous modifications to meet spedfic needs. 
Elmen has obtained very high initial permeability and 
resistivity in nickel-iron alloys by additions of molyb¬ 
denum, chromium or tungsten S. Pat. 1,767,178; 
Jl. Frank. Inst. 207, 683-618; 1929). Stilblein .(IT. S. 
Pat. 1,760,326) has obtained high resistivity by addi¬ 
tions of silicon. Bandur (U. S. Pat. 1,743,089) and 
Yensen (Elec. Jl. 27, 214-218; 1930) report that with 
suitable heat treatment some nickel-iron alloys may be 
made to acquire sensibly constant permeability over 
a limited range of induction. Similarly, Smith and 
Garnett (U. S. Pat. 1,746,500) have obtained substan¬ 
tially constant permeability in nickel-iron alloys by 
additions of copper. Also, Gumlich, Steinhaus, Kuss¬ 
mann and Schamow (E. N. T., 7, 231-235; 1930) report 
that high resistivity and small variation of permeability 
with magnetizing force are obtained in nickd-iron 
alloys by small additions of manganese. 

Von Auwers, (Wiss. Veroffentlich Siemens-Konzem 9, 
262-293; 1930) has studied the effect of strain on the 
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magnetic properties of permalloy. The results of 
numerous experiments indicate that the properties of 
permalloy cannot be accounted for on the basis of 
strain alone. 

Methods of design and testing of permanent magnets 
have kept abreast with the improvements in magnetic 
properties. Elenbaas (Physica, 10, 273-286; 1930) has 
derived a formula for calculating the field intensity in a 
toroid with an air-gap, based on the assumption that the 
demagnetization curve is an ellipse; this should prove 
useful in the design of permanent magnets. It is well 
known that the magnetization of a ferromagnetic 
material by a steady field is considerably increased 
by the superposition of an alternating field. Schrankow 
and Janowsky (Zdtsch. /. tech. Physik 11, 429-432, 
1930) apply this method of bringing permanent magnets 
to high inductions. An accurate method of testing bent 
permanent magnets has been described by Webb and 
Ford (J. E. E. Jl., 68, 773-778; 1930) whereby both B 
and' H are measured by means of search coils and a 
ballistic galvanometer. The superior properties of 
cobalt-steel as permanent magnets have found applica¬ 
tion in the magnetic compass for aircraft, disturbances 
from stray magnetic fields being avoided by shielding 
with hipemik, a nickel-iron alloy of high permeability 
(J. R. Gier, Elec. Jl, 27,114-115; 1930). 

The need for accurate and constant substandards of 


frequency has stimulated further work on vaeumn tube 
oscillators controlled by the resonant magnetostrictive 
vibrations of magnetic materials. This method of 
control requires the use of materials which have good 
magnetostrictive properties and small temperature 
coefficients of permeability and expansion. Vincent 
(Proc. Phys. Soe. 43, 157-165; 1931) has extended the 
range of the magnetostriction oscillator of Pierce, 
{Proc. Am. Acad. Sci., 63, 1-47; 1928) to radio fre¬ 
quencies by using eorronil, a nickel-copper-manganese 
alloy, and glowray, a nickel-iron-chromium alloy 
{Proc. Phys. Soc. 41, 476-486; 1929); the latter, par¬ 
ticularly, has a high degree of stability. Smith {Proc. 
Phys. Soc. 42,181-189; 1930) has determined the nature 
and magnitude of the coupling between the mechanical 
vibrator and the electric circuit for a toroidal specimen 
of a nickel-iron alloy vibrating radially in its funda¬ 
mental mode. Muzzey {Phys. Rev. 36, 935-947; 1930) 
has used the magnetostriction oscillator as a means of 
exciting cylinders of stainless steel in studying the 
dependency of frequency of vibration on length and 
diameter of the cylinders. 
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General Power Applications 

ANNUAL REPORT OF COMMITTEE ON GENERAL POWER APPLICATIONS* 


T he principal activity of the Committee during 
the past year has been in arranging and canying 
out of plans for the Industrial Session held at the 
Winter Convention. As this Committee is interested 
in the application of electricity to all industries which 
are not specifically covered by other committees of 
the Institute, it was agreed that papers to be of interest 
to the greatest number of engineers should be of a 
general nature and not confined to a specific industry or 
application. The pai)ers presented were consequently 
arranged and prepared with this thought in mind. 
During this period of industrial depression an increasing 
amount of attention is being given to the subject of 
reducing manufacturing costs and it was hoped that 
industrial engineers would find in these papers various 
ideas which could be applied to their own problems. 


Industrial Papers Presented 


Besides those papers presented at the Winter Con¬ 
vention several other papers of an industrial nature 
were presented at district meetings. Following is a 
list of those papers which have come to our attention: 

Philadelphia Meeting Oct. 13 to 15,1930: 

Air Conditioning in Industry, by A. H. Clogston of 
the Cooling and Air Conditioning Corp. 

A New System of Speed Control — A-C. Motor-Driven, 
Power Station Auxiliaries, by A. M. Rossman of Sargent 
and Lundy, Inc. 

LomsoiUe Meeting, Nov. 19 to 22,1930: 

, Electrify in the Cement Industry, by R. H. Rogers 
of the General Electric Company. 

Electric Power in tiie Lumber Industry, by A. H. 
Onstad of Weyerhaeuser Timber Co. 

Winter Convention, January 26 to 30,1931: 

Electron Tubes in Industry, by W. R. King of General 
Electric Co. 

Automatic Regulators in Industry, by J. H. Ashbaugh, 
Westinghouse Electric and Manufacturing Co. 

Electrical Distribution Systems for Industrial Plants, 
by W. J. McClain, of Louis T. Klauder Co. 


•COMMITTBE OR OEmCRAI. POWER APPLICAXIORS: 


O. W. DraJce. OhairmaiL 


E. A. Armstrong, 
James 01ark« Jr., 
J. F. GaddU, 
Olyde D. Gray, 
Jokn Grotzinger, 


Fraser JeflCrey, 

A. M. MacOutcheon, 
H-. A. Maxfleld, 

John Morse, 

N. L. Mortensen, 

A. M. Perryi 


D. M. Petty, 

F. O. Prior, 

H. W. Bogers, 

L. D. BoweiU, 

M. B. iPV'oodward. 


The Synchronous Motor unth Phase-Connected Damper 
Winding as a Drive for High-Torque Loads, by M. A. 
Hyde, Jr., Westinghouse Electric and Manufacturing 
Co. 

The Design and Application of Synchronous Motors to 
Meet Special Requiremmts, by D. W. McLenegan and 
A. G. Ferriss of General Electric Co. 

Pittsburgh Meeting, March 11 to 13,1931: 

Conversion and Distribution of General Purpose D-C. 
Power in Large Industrial Plants, by R. D. Abbiss, 
Carnegie Steel Co. and D. C. West, Westinghouse 
Electric and Manufacturing Co. 



Fio. 1 —Combination Pumping Unit fob Oil Wblls 
Inolubino Motor, Oears, and Control 

S 3 maposium on Interconnection Between Utilities and 
Industries. Several papers. 

The Use of Electricity in Large Annealing Furnaces, 
by J. C. Woodson, Westinghouse Electric and Manu¬ 
facturing Co. 

A Modern Electrified Dairy Plant, by A. J. Dreux, 
Reick-McJunkin Dairy Co. and H. C. Brunner, 
Westinghouse Electric and Manufacturing Co. 

Review op Industrial Progress 

Since the past year has not been one of great mdusr 
trial development or activity, it is felt tihat this report 
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should include not only a review of the major industrial 
developments but also should indicate the trend of 
development along both application and apparatus 
lines in industry. 

Pbteolbum Industry 

During the past year pipe-line tran^ortation of 
liquid fuel over long distances has been extended to 



Fig. 2—Poktabld Diesel Engine-Dbiven Set fob Vabiable 
Voltage Oil Well Dbilling Outfits (Shop View) 


include gasoline. Electric pumping stations supplied 
with central station service, are increasing in number 
and proving their economy. The latest development is 
an electric station with three 800-hp. pumping units 
which is completely controlled from a dispatching 
office about 15 miles away. This is the Sand Springs 
Station of the Texas Empire Kpe Line that connects 
Oklahoma oil fields with the Chicago refineries. The 



Pig. 3—Selstn Genebatob and Cone Pulleys fob 
Sectional Papeb Machine Dbite 

supervisory control permits the dispatcher to exerdse 
complete control over tiie station and gives a visual 
indication of its operation. The dispatcher can tell 
at a ^ance what umts are operating, what the intake 
and discharge pressures are and as much other perti¬ 
nent information as could be obtained if the operator 
were in the station. In case of trouble the equipment 


is shut down automatically and the dispatcher advised 
of the nature of the trouble. 

Development in electrical oil field pumping and 
drilling equipment has been towards the use of com¬ 
bination, or factory assembled apparatus which elimi¬ 
nates many parts and reduces the installation expense 
in the field. One of the latest pumping units consists 
of a combination of gear, motor, and control built in 
one unit. The equipment is weatiierproof and requires 
no housing. The unit is also provided with change 
gears for obtaining several speeds as required for 
various pumping conditions. 



Fig. 4—Totally Enclosed Fan-Cooled Motob with Fan 
AND Fan Casing Rbuoted 

During the past year several variable voltage d-c. 
oil well rotary drilling outfits have been built and put 
in service, uang Diesel engines as prime movers. 
These outfits are being used primarily on locations 
where cenlral station power is not available. The 
ease and simplicity of control obtainable witii the 
variable voltage d-c. system, its low energy require¬ 
ment and flexible operating characteristics, make this 
system very desirable for this type of oil service. 



Fig. 6—Induction Motob Rotob Showing Cabtbidgb Type 
Ball-Beabing Housings 


Two installations are also reported where standard 
a-c. drilling equipments were installed and supplied 
with power from Diesel engine-driven generators, and, 
although this system may lack some of the desirable 
features of the variable voltage system, it makes it 
possible to use standard a-c. motors for pumping and 
other uses. 

Pulp and Paper Industry 

Sectional paper machine drives were installed during 
the year on a wide variety of machines finm low-speed 
cylinder to high-speed fourdrinier and the use of section 
regulators of the carbon pile t 3 pe instead of the contact 
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making type was quite noticeable. A description of 
some of these carbon pile regulators is given in Mr. 
Ashbaugh’s paper, presented at the Winter Convention. 

A regulator for sectional drives using Selsyn equip¬ 
ment so that the main regulating equipment may be 
mounted remote from the paper machine has been 
placed in operation during the year. At the papa* 
machine, in connection with each sectional motor, is a 
SelssTi generator driven through suitable cone piilleys 
which provide necessary speed adjustment or "draw” 
between the various sections. The resistance elements 
of the regulator are of the carbon pile type. 

Rural Electrification 

The use of electricity on the farm has increased 
rapidly diu*ing the past year and reports from central 
stations indicate that approximately 90,000 farms were 



connected to their lines during the year. This repre¬ 
sents an increase of 16 po* cent over the total number 
previously connected. This growth is accounted for 
partly by the interest of the powo* companies in tiie 
farm load and partly by improved rate structures and 
power schedules. But of fully as great importance how- 
eva is the increasing list of electrical equipment which 
is available and specially adapted for farm service. 
The attention being given to the production of miiv 
with a low bacteria count has done much to force the 
installation of dany sterilizing and dairy reMgerating 
equipment and these devices in connection with other 
dairy and household equipment make a very desirable 
dectrical load. 

Engineering research and investigation have proven 
the possibility of using 6-hp. dectric motors for practi¬ 
cally all stationary work such as silo filling, feed grind¬ 
ing, wood sawing, etc., instead of using 16- or 20-hp. 
tractors. Numerous improvements have recently been 


made in the design and construction of portable motor 
equipment for such service which indudes automatic 
linestarters with thermal overload protection, effec¬ 
tive methods of bdt tightening, and other dedrable 
features. 

Pood Products Industry 

^ Although this industiy has recdved but little atten¬ 
tion from dectrical engineers, it is the fourth greatest 
user of dectric motors on the basis of connected horse- 



Fiq. 7—Geared Centbipvqal Rbfbiobbation Compressor 
DbiVBN by TOTALLY-ENCIiOSED INDUCTION MoTOR 



Fig. 8—300-Hp. 164-It. P. M. Synchronous Motor of the 
Phabb-Connbotbd Damper Typb as Installed in a Cbmbnt 
Plant 

power. In addition to motors, electric energy is used 
for various other purposes as the production of ultra¬ 
violet rays to help preserve or increase the vitamin 
content of foods; photoelectric tubes for actuating 
operations of wrapping, sorting, and counting; cooking 
of foods by various dectrical processes, and the pasteuri¬ 
zation of milk. 

A paper on the subject of A Modern Electrified 
Dairy Plant was present^ at the Pittsburgh District 
Meetog of the Institute March 11-13, 1931, by Mr. 
A. J. Dreux and Mr. H. C. Brunna. This papa 
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illustrates how a modem electrified dairy offers a very 
desirable type of load for central stations, particularly 
when udhg the electrical conductivity method of 
pasteurization. 

Induction and D-C. Motors 

During the past year several new lines of induction 
motors have been placed on the market and the trend 
is toward simplification and standardization of design. 
The greater use of standardized parts reduces the 
stocks which must be carried both by the user and 
manufacturer, increases the number of combinations or 
tyi)es of motors possible^ with a given number of parts 
and in general m^es the apparatus more imiversally 
adaptable. 

Several new lines of totally enclosed fan-cooled 
squirrel-cage induction motors have been announced 
and in practically all cases these motors are on the 



Pig. 9—Special Stncheonoxts Motor with External 
RBVOLV iHa Poll, Direct Connected to Gtratort Critsheb 

same frame size as corresponding ratings of open motors. 
In these fan-cooled motors ball or roller bearings are 
used almost without exception and the cartridge type 
of bearing housing is quite generally adopted. This 
construction permits the dismantling of the motor and 
the removal of the rotor without exposing the bearings. 

A number of manufacturers has also brought out 
lines of totally enclosed fan-cooled motors for use in 
locations where explosive gases are present. These 
motors are approved by the Underwrite Laboratory 
for use in gasoline refining, garages, gasoline handling, 
and filling stations, dry cleaning establishnients, 
chemical plants, paint factories, and in similar locations. 

To meet the requirements of testing large vertical 
pumps and turbine wheels a vertical dynamometer 
rated at 300 hp. has been developed. The stator is 
supported in such a manner that it is free to rotate and 
the torque developed is measured on a beam and dial 
scale. The direct-current armatiue is especially, con¬ 


structed and. makes use of a shrink-ring type commuta¬ 
tor for high-speed operation. 

Fractional horsepower motors of the imiversal com¬ 
mutator type have a wide speed range from no load to 
full load and consequently are not generally applicable 
for the constant speed service. A novel t 3 q)e of clutch 


r-o 



Fig. 10—250-Hp., 450-R.P.M. Totallt-Enclosed Pan-Cooled, 
Synchronous Motor 

has been developed which when installed in these frac¬ 
tional horsepower motors maintains a practically con¬ 
stant speed at the coupling regardless of how; much 
higher the motor speed may go. This device conse¬ 
quently makes it possible to use universal motors for 
such applications as cash registers, calculating ma¬ 
chines, small motor-generator sets, etc. 


Pig. 11—^Electronic Tube Control for Small D-C. 

Motors 

Although speed reduces or gear reducers are now 
extensively used there is a decided trend towards the 
corhbination of various types of the^ gear reducers with 
industrial motors in order to form a more compact and 
self-contained unit. Some of these are of the fixed ratio 
type with either single, double, or taiple reduction while 
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Others have a variable ratio. A recent addition con¬ 
sists of a standard constant speed motor in combination 
with a 4-speed gear forming a self-contained and very 
compact unit. With this combination various gear 
ratios are available and it is possible to change from 
one speed to another imder full load conditions. 

Another eicample of a combined imit is a centrifugal 
type compressor for refrigerating service in which the 
compressor, gears, and motor are combined in one unit. 



Pig. 12—Sample Chart Obtained with Smoke Recorder 


This is a high-speed single-stage compressor of approxi¬ 
mately 26 tons refrigeration capacity and by TnAfmg of 
the unit type construction it is possible to eliminate the 
usual shaft seals. 

A paper presented by Mr. A. M. Rossman at the 
Philadelphia meeting A New System of Speed CotOrol 
for A-C. Motors, gives a detailed account of a new 
method of speed control, its possibilities, and savings. 
The system consists essentially of a constant speed a-c. 



Pig. 13—Console Type Board for Electronic 
Tube Control op Theater Lighting and Dimming 

motor of either the synchronous or induction tsipe, 
supplemented by an adjustable speed d-e. mac hipA of 
much smaller size and a motor-generator set of .«dTiGi1a.r 
capacity. The frame of the a-c. motor is mounted on 
bearings so that the frame as well as the rotor may 
rotate. 

Synchronous Motors 

At the Winter Convention two papers on the subject 
of ssmchronous motors were presented. The motor 


described by Mr. M. A. Hyde, Jr., was developed 
especially for low-speed applications requiring hig^ 
starting and high pull-in torques with a low-current 
inrush. The damper construction instead of being of 
the usual squirrel-cage t 3 rpe is phase wound. and in, 
starting an external resistance is inserted in this circuit 
and the motor accelerates in a manner quite aimilar to 
that of the ordinary wound rotor induction motor. 

The paper presented by Messrs. McLenegan and 
Ferriss discusses the design features of normal S 3 ni- 
chronous motors and shows how these features are 
varied to adapt synchronous motors to the requirements 
of various special applications. Among the various 
modifications discussed are the use of part-winding 
starting for applications where low-starting torques rdiI 
low-startmg inrush are desirable, also various methods 
of obtaining high-starting torque such as by means of 
over-sized motors, over-voltage, delta-Y starting, 



Fig. 14—^Electronic Tube Control of Polychromatic 
Flood-Lighting System 

tapped windings, phase-connected damper windings 
for both salient and non-salient pole motors, and a 
rotabl^stator scheme. 

It is reported that the first application of a S 3 m- 
chronous motor directly connected to a grain elevator 
leg was made during 1930. Ordinarily the starting 
torque required by these legs or bucket elevators is 
comparatively light but in case of emergency such as 
starting after a power falling, with the buckets loaded, 
a high-starting torque and a high puU-in torque are 
required. 

Although, several high-torque synchronous motors 
have been applied to primary or large gyratory crushers 
most of these have been of the standard mPc.'ha.DiF.al 
constiuction and usually belted to the crusher pulley. 
A unique application has been made which utilizes a 
vertical motor of the umbrella type in which the re¬ 
volving field poles are external to the stator which in 
turn is bolted rigidly to the frmne of the crush^. 
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Another interesting and rather unusual application 
of a s 3 nichronous motor is for driving a hot copper rolling 
mill which requires continuous reversing service. The 
motor is guaranteed to reverse in five seconds and a 
special type of damper winding construction is used to 
increase the radiating surface and dissipate heat caused 
by the frequent starting and stopping. 

For use in the Chilean Nitrate Industry a number of 
synchronous motors rated at 250 hp., 450 r. p. m., was 
built of the totally enclosed fan-cooled type. This 
construction is necessary to protect the motors against 
the saline solutions and vapors and the construction 
details are along very much the same lines as carried 
out on the smaller industrial motors. 

When protected type motors are required either on 
account of injurious vapors or dust, it is sometimes 
undesirable or impossible to locate the control equip¬ 
ment in separate rooms and to take care of those cases 



Fig. 16—Motor pok Lower Elevator op Dual System 
WITH Combination Motor-Generator Set and Control 
Foreground 

in which the control must be mounted in the same 
location as the motor, s3mchronous motor starters have 
been developed with the entire control immersed in a 
tank of oil. 

Electronic Tubbs 

During the past year the electronic tube has become 
an accepted industrial device. Its original use was 
confined to the arts of communication and science and 
not imtil recently has any concerted effort been made 
to apply it to industrial purposes. Electronic tubes 
possess characteristics not available in older forms of 
dectrical apparatus but offer many possibilities for 
industrial applications. These characteristics may be 
listed briefly as follows: ^eed of operation, small 
actuating energy requirement, amplification properties, 
accurate response, quietness of operation, and freedom 
from moving parts and contacts. In addition, the 


actuation of electronic tubes may be brought about by 
a large number of different physical effects including 
changes in redstance, inductance, capacitance, phase 
angle, frequency, temperature, sound, light,' color, 
radio or carrier current. 

There has devdoped a demand for electronic tube 
units which can be adapted to many applications for 
experimental piuposes. Such units have been brought 
out by several manufacture. The more common of 
these are the photodectric units and electrostatically 
controlled arc discharge units. The tubes used in the 
latter are better known by the trade names of grid glow 
orthyratron. 

In line with this increasing interest a paper entitled 
Electron Tvbes in Industry, was presented by Mr. W. R. 
King at the Winter Convention. This paper gives a 
general discussion of the theory and characteristics of 
dectron tubes without going into design details or 
calculations. Several of the more common control 
schemes involving tubes are explained for the purpose 
of shovring how tube charactmstics can be adapted to 
various applications. 

To eliminate the human element in determination of 
smoke density a device utilizing a light source and 
photoelectric tube in connection with a recording 
instrument has been developed and gives a continuous 
accurate record of smoke density. The light source is 
mounted on one side of the stack and throws a beam of 
light through an aperture on the photoelectric tube 
mounted on the opposite side. The amount of light 
reaching the photoelectric tube is determined by the 
smoke density, and indicating or recording instruments 
may be installed at any convenient location. 

One of the most interesting and largest election 
tube applications is the control of lighting for stages 
and auditoriums. Installations of this t 3 npe involve the 
use of between 300 and 600 electron ^bes. Three 
installations of this type are in the Civic Opera House 
in Chicago, the Severance Memorial Hall in Cleveland, 
and a theatre in Los Angeles. The latest of these 
units, the one at Cleveland, has all of the control 
circuits operated from an organ type console. With 
this control it is possible to pre-set scenes, gradually 
fade from scene to scene with either manual control or 
automatically at a pre-determined rate, and vary the 
intensity of any light circuit in the hall individujdly or 
in combination with any other circuit or circuits. In 
the old types of stage lighting control the intensity was 
varied by means of rheostats. This new method uses 
three-legged reactors located conveniently for load 
distribution and the degree of saturation and consequent 
change in light intensity is varied by rectified direct 
cuTTMit from tubes. Another application for the same 
type of equipment as used for theatre dimming is the 
control of building flood lights. On a large number of 
new buildings the lighting is so arranged that the shad¬ 
ing and colors vary in some regular cycle. 

Electron tubes are also being used for speed control 
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of d-c. motors in a number of various applications. 
At the present time for smaller motors, that is 3 hp. or 
below the control can be accomplished directly by 
control of armature voltage and current supplied from 
tubes, while for larger motors the field current only is 
controlled and supplied by tubes. One of the better 
known applications of this type is the maintaining of 
proper tension in the wire for a wire drawing TYifli»binp 
and reel. 

Photoelectric units have also been adapted to any 
number of production line applications where the 
objects are too light or fragile to operate ordinary 
control making or breaking devices by physical con¬ 
tact. On any application where an object can be 
made to intercept or otherwise vary a light beam this 
action can be used to actuate an operation. Some of 
the more common applications have been for counting, 
wrapping of packages such as foods, gum, etc., flag 
switches for reversing rolls as in steel mills, flashover 
protection of rotary converters, cutting of paper sheets 
to the proper length as required in connection with 
paper bag machines, paper break indicators in connec¬ 
tion with paper machines, turning on and off lights in 
factories or offices to give proper illxunination without 
wasting of power, and detmnining the transparency 
of paper. 

Elevator Equipment 

Dming the past year numerous improvements and 
refinements in elevator electrical equipment were made 
in keeping with the tendency toward higher speeds, 


automatic landing control, and quieter operation. The 
common trend toward combination units is also illus¬ 
trated in elevator apparatus by building of motor- 
generator sets with exdter and control in one frame. 

One of the completely new and interesting develop¬ 
ments of the past year was the building of an elevator 
with two cars operating in one shaftway. Obviously 
the object of tids arrangement is the saving of floor 
space in tall buildings where the space occupied by 
elevator shaftways is both valuable and large, in aanniob 
as the shaftway area must be subtracted fromeachfloor. 
This elevator embodies all of the latest features in 
elevator design including automatic floor Ijmding, 
door opening, and futuristicaJIy decorated care. The 
cars use the floor bottom system of control and in 
addition a set of signals are displayed in each car 
indicating the relative position of both cars in the 
shaftway. The cars are prevented from approaching 
each other closer than two floors by an automatic block 
system of control which brings the ear to a normal stop 
when this limiting distance is reached. 

CONCSLUSION 

The Committee feels that there is a large field open 
for the electrical engines in industry and that the 
Institute can be of matmal assistance to its members 
by bringing before them the important devdopmMits 
and trends in the various industries. In the prepara¬ 
tion of this report we desire to acknowledge the assis¬ 
tance pven by the various members of the committee 
and also by the Electric Machin^y Manufacturing Co. 



Instruments and Measurements 

ANNUAL REPORT OF COMMITTEE ON INSTRUMENTS AND MEASUREMENTS* 


T he Committee on Instruments and Measurements 
has been active during the past year on the 
following subjects: 

1. Standard definitions for telemetering. 

2 . Standards for recording instruments. 

3. Standards for indicating instruments. 

4. Revision of Standards No. 14—Instrument 
Transformers. 

5. Revision of Electrical Units. 

6 . Symposium on precision measurements. 

7. Technique of temperature measurements. 

8 . Measurement of reactive power. 

9. Method of measuring distortion factor. 

10. Review of proposed papers. 

11 . Conclusion. 

Standaed DEPiNrnoNS for Telejmbtbring 

The subcommittee devoted to telemetering has been 
active for a number of years. Last year in this report 
there were published for comment standard definitions 
on this relatively new subject. It has been felt that, 
with the interest in the field of telemetering, it would 
be desirable to have some standard definitions so that 
the terms which are used would not be results from a 
hit and miss selection, as often occurs in newly devel¬ 
oped fields. With comments received this year a set 
of standard definitions was approved by the member¬ 
ship of the Instruments and Measurements Committee, 
and is now ready for transmittal to the Standards 
Committee for adoption. 


Standards for Recording Instrimbnts 


As a result of several years work, a subcommittee 
has completed a draft of proposed standards for re¬ 
cording instruments. These standards have been 
approved by the Instruments and Measurements 
Committee, and are now ready for submission to the 
Standards Committee. 

The work of the subcommittee is under the chairman¬ 
ship of Mr. Kinnard. A large amount of work has 
been involved in the development of these standards 
so as to cover this field of measuring instruments. 


♦COMMITTEE OK IHSTRUMENTS AHD MEASITREMEHTS: 


E. J. Rutan, Ohalnnioi, 
H. S. Baker, 

P. A. Borden. 

H. B. Brooks, 

O. J. Biislmell, 

A. L. Oook, 

B, D. Doyle, 

MelYille Bastiiam, 


M. Bppley, 

R. O. Fryer, 

J. B, Gibljs. 

"W. N. Goodwin, Jr., 
I. F, Kinnard, 

O. A. Bjiopp, 

A. E. Knowlton, 


H. C. Koenig, 

W. B. Kouwenhoyen, 
P, A. Laws, 

E. S. Lee* 

Paul MacGahan, 

R. T. Pierce, 

W. J. Shackelton. 


The Committee has considered many new items which 
have showm that the Standards for Indicating Instru¬ 
ments should also be revised. 

Standards for Indicating Instruments 

Since 1927, Instrument Standards No. 28 has been 
used by the industry. Since that time considerable 
progress has been made, and experience with the 
Standards has indicated that a revision would be 
desirable. A subcommittee was appointed at the 
beginning of this year to start the revision. 

Revision op Standards No. 14— Instrument 
Transformers 

A subcommittee has been active during the past year 
revising Standards No. 14 covering instrument trans¬ 
formers. This standard was approved in 1925. It 
wras the feeling of the members of the Instruments and 
Measurements Committee that progress in the art 
ws^anted revision at this time. The committee is 
under the chairmanship of Mr. Gibbs. Several tenta¬ 
tive drafts have been prepared and revised so that these 
standards will soon be in form to be submitted to the 
Committee membership for approval. 

Revision op Electrical Units 

The report of the Committee on Instruments and 
Measurements for the Institute year ending July 31, 
1929, contained a brief account of the participation of 
this Committee in the events which led up to the first 
meeting of the (international) Advisory Committee 
on Electricity at Paris in 1928. At that meeting resolu¬ 
tions of far-reaching importance were adopted, to the 
effect that the absolute system of electrical units, 
derived from the c. g. s. ssrstem, may be substituted with 
advantage for the present international system of units 
which is based upon arbitrary legalized material stand¬ 
ards, namely, the mercury ohm and the silver volt¬ 
ameter. 

The second meeting of the Advisory Committee on 
.Electricity was held in Paris in June 1930. The Ameri¬ 
can representative on the Committee, Dr. G. K. 
Burgess, Director of the Bureau of Standards, was pre¬ 
vented from attending, and sent Dr. H. B. Brooks as 
his substitute. 

Representatives were sent by the national standardiz¬ 
ing laboratories of England, Germany, Japan, and the 
Soviet Republics; by the Laboratoire Central d’Elec- 
trieite of Paris, and the International Bureau of Weights 
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and Measures aib Sevres. Italy, was represented by 
Professor L. Lombardi of the Royal School of Engineers 
at Rome. Other experts were present as invited guests. 
A lafge part of the sessions was taken up wiili the dis¬ 
cission of a new duty which the International Com¬ 
mittee of Weights and Measmes had recently laid upon 
the Advisory Committee on Electridty, namely, that of 
advising the International Committee on all questions 
relating to the methods of measurement and to the units 
and standards of light. ■ 

Concermng the primary standard of light, resolutioiis 
were adopted supporting the view that a black-body 
radiator should be adopted; requesting the national 
laboratories to examine the specifications for the 
WaidnOT-Bur^ess primary standard of light and to give 
thear views regarding the practicability of its adoption; 
and urging the desirability of making additional deter¬ 
minations of the brightness of the black-body radiator, 
especially under the conditions prescribed by the 
Bureau of Standards’ specifications, or at lea&t under 
conditions comparable with them. 

Concerning the unit of light and its maintenance, the 
Advisory Committee adopted a resolution to the effect 
that it is inexpedient to change the unit (t. e., the inter¬ 
national candle) which has been in use since 1909. 
Other resolutions adopted relate to the exchange and 
comparison of groups of lamps by the national standard¬ 
izing laboratories, and to the adjustinent of the values 
of the practical secondary standards, as may be neces¬ 
sary in the future as a result of reference to a primary- 
standard. 

Concerning the electrical units and standards, two 
resolutions were adopted, as follows: 

1. With regard to the unit of resii^nce, the ohm, 
considering that methods of dete rmining the absolute 
ohm are sufficiently advanced and that the agreement 
between the measurements of the coils (secondary 
standards) of the different laboratories remains within 
the limits of precision of the measurements, it is not 
necessary at present to undertake further comparisons 
of the resistance coils with mercury ohms. 

2. As to the units of electromotive force, on the 
contrary, the international comparisons of standard 
cells show differences, exceeding the limits of possible 
precision, between the values of the electromotive 
force of the standards of different countries. The 
committee considers that it is absolutely necessary to 
make new determinations of the electromotive force 
of the international Weston cells in each national 
laboratory by means of the silver voltameter. 

The conditions under which -the silver voltameter 
should be used are specified sufficiently in the report 
of the international committee which met in Washington 
in 1910. The Advisory Committee recommends, how¬ 
ever, that the national laboratories use the Smith or 
the Kohlrausch voltameter, avoiding organic material, 
which is detrimental to the electrolytic deposit. 

The groups of Weston cells prepared in the several 


laboratories can be considered as sufficiently constant 
until the absolute unit of current shall be established. 

It should be noted that these recommendations con¬ 
cerning standard cells and voltameters do not in any 
way modify the Ad-visoiy Committee's recommendation 
of 1928 looking to the ultimate legalization of the abso¬ 
lute ohm, volt, and ampere on a basis free from all 
arbitrary .character. The recommendations merely 
recognize that the standard cell and the silver volt¬ 
ameter are useful tools, when properly used, and are 
essential to the maintoiance and dissemination of the 
international electrical units under the existing limi¬ 
tations. , 

The Advisory Committee also made recommenda¬ 
tions r^arding the equipment of the International 
Bureau of Weights and Measures and plans for coopera¬ 
tion between that bureau and the national laboratories 
in work on dectric and photometric standards. Since 
an international General Confa:ence on Weights and 
Measures is to be held in 1933, the Advisory Committee 
decided that it should meet algain before that time to 
study -the comparisons of standards which shall have 
been made and to assign values in absolute units for 
the standards of resistance and of electromotive force. 

SY]p>osiuM OP Precision Measurements 

In -view of the recait activity of the International 
Advisory Committee on EJlectricity, it was felt desir¬ 
able to have some outstanding papers written concern¬ 
ing the fundamental electrical units. The subject is 
being treated in a symposium which is be’ng presented 
at the 1931 Summer Convention and which includes 
four papers. These are: 

1 . IrOernational Standard of Eketromotive Force 
and Its Low-Temperature Coefficient Form, by Marion 
Eppley, the Eppley Laboratory, Inc. 

2. The Unit of Eleetricai Resistance; Past History 
and Impending Change, by H. B. Brooks, National 
Bureau of Standards. 

3. Design of Potentiometers, by I. Melville Stein, 
Leeds and Northrup Company. 

4. Electrical Units and Their Application, by L. T. 
Robinson, General Electric Company, 

Technique op Temperature Measurements 

In order to set up a standard code for temperature 
me^urements, a subcommittee has been appointed. 
This comimttee has already analyzed all of the tempera¬ 
ture requirments included in the various standards 
of the Institute, and is now summarizing these data 
preparatory to setting up the necessary measurement 
technique. 

Measurement of Reactive Power 

Conriderable interest is being displayed in the 
matter of measurement of reactive powOT. A sub- 
committ^ has been considering this subject, and is 
cooperating with a commi-ttAP. nnnAintp/i w 
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Standards Committee under the chairmanship of 
Mr. A. E. Knowlton. 

Method op Measuring Distortion Factor 

In line with the recommendation of this Committee, 
made in last year's annual report, a subcommittee has 
been following the performance of Belfils Bridge which 
is being used by one of the manufacturing companies. 
The work has progressed to the point where a report 
has been prepared covCTing the performance of this 
apparatus. At the present time the report is in circula¬ 
tion among the members of the Instruments and Mea¬ 
surements Committee in order that their comments 
and recommendations may be obtained in regard to the 
suitability of this device for the measurement of dis¬ 
tortion factor. 

Papers 

In addition to the four papers mentioned above in 
connection with the ssunposium of precision measure¬ 
ments, nine papers have been submitted to this Com¬ 
mittee for review. Some of these have already been 
approved for publication and presentation and the re¬ 
mainder are in circulation and will be reported on 
shortly. These papers are listed below: 

Measurements of Cable Insulation Characteristics 

A High-Sensitive Power-Factor Bridge, by W. B. 
Kouwenhoven and A. Banos. 

High-Voltage Bridge for Measurement of Cables widi 
Grounded Sheaths, by C. P. Dawes and A. P. Daniel. 


The Elimination of an IrdtererU Error in the Usual 
Form of Capadtanee Bridge for Coepadtxmee and Power- 
Factor Measurements by die Substitution Method, by 
R. P. Sisldnd. 

Measurements of Magnetic Flux 

Core Loss Measurements at High-Flux Densities, by 
B. M. Smith and C. Concordia. 

This paper was presented at the Northeastern 
District Meeting, Rochester, N. Y., April 1931. 

Miscellaneous Subjects 

A Direct-Current Bushing Transformer, by A. S. 
Fitzgerald. 

A New Overcurrent Belay with Straight Line Charac¬ 
teristics, by S. L. Goldsborough and R. M. Smith. 

A Thermionic Type Automatic Synchronizer, by 
F. H. Gulliksen. 

The Characteristics of the OsdUographUalvanometer, 
by V. S. Thomander. 

The Amplifier-OsciUograph, by S. K. Waldorf. 
Conclusion 

Active interest has been shown by the members of 
the Committee on Instruments and Measurements 
through the year. The meetings held were well at¬ 
tended and subcommittee reports indicated considerable 
progress was being made in each of the assigned activi¬ 
ties, and definite steps have been taken on several as 
indicated above. During the coming year it is ex¬ 
pected to complete some of the other projects. 
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T he functions of this committee have, in the past, 
bemi largely confined to (1) encour aging the 
presentation of papers before the Institute dealing 
with those phases of electrical engineering which are 
major factors in the utilization of electricity in the 
sted industry. (2) To preparing an annual report 
which briefly summarizes such phases of the application 
of el^tricity to the production of iron and steel as are 
considered new or of sp^ial interest to the membership. 

During the past year, the conunittee’s work has 
followed the previous precedent, in procuring papers. 
It also actively cooperated in airanging a joint sesrion 
of the Institute with the Assodation of Iron and Steel 
Electrical En^neas at the meeting of the Middle 
Eastern Distiict held in Pittsburgh on March 11th to 
13th inclusive, 1981. The pap^ presented before 
this mating which the members of this committee were 
active in procuring are as follows: 

1. “Conversion and Distribution of General Purpose 
D-C. Power in Large Industrial Plants,” by R. D. 
Abbiss, Carnegie Steel Co., and D. C. West, Westing- 
house Elec. & Mfg. Co. 

2 . S 3 unposium on Interconnection Between Utilities 
and Industries: Davison Coke and Iron Co. and 
Duquesne light Co. Interconnection, by G. E. Dignan, 
Davison Coal and Iron Co. and R. L. Elirk, Duquesne 
light Co. 

3. “Interconnection of Power Supply Between 
Public Utilities and Laige Industrial Users,” by P. 0. 
Schnure, Bethlehem Steel Co. 

4. “Absorption of By-Product Power,” by A. 
Hoeflae, Toledo Edison Co. and W. T. Woodmancy, 
Interlake Iron Corp. 

6 . “The Use of Electricity in Large Annealing 
Furnaces,” by J. C. Woodson, Weslmghouse Elec. & 
Mfg. Co. 

The Committee wishes to report that this joint meet¬ 
ing of the Institute and the Association of Iron and 
Steel Electrical Engineers was a very successful part 
of the Middle Eastern District Meeting Program, and 
suggests that joint meetings with the Assodation of 
Iron and Steel Electrical Engineers be encouraged in 
the future. 
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Ei^BCTRICAL DBVELOPMEatTS IN THE IbON AND STEEL 
Industry During 1930 

^ During the year 1930 there has bemi a general reces¬ 
sion from the unusually high operating rates of the 
preceding year, and an accompanying reduction in 
expenditure for improvements and new plant facil ities. 
However, an impressive amount of electrical equipment 
has been pimchased and many interesting developments 
have taken place. Undoubtedly, the very successful 
electrification of rolling mills and their auxiliaries has 
been an important factor in the steel industry. 

The iron and steel industry during 1930, purchased 
163,490 total horsepower of main drive motors, rated 
300 hp. or over, as compared to a total of approximately 
^0,000 hp. during 1929. The fact that the rate of 
increase in installed horsepower for main drives is 
greater than the rate of increase for ingot capacity, 
indicates the tendency to modernize old mills. 

Direct-Current Motors 

■Many important installations have been completed 
during 1930, with others rapidly nearing completion. 
From various viewpoints, a new 10,000-hp., 64-inch 
blooming mill in the Chicago District is memorable. 
It is the most powerful mill yet installed by a margin 
of 2,000 hp., an increase in power which will be useful 
in rolling thicker and heavier sections. T his tends 
toward greater output of the whole plant, the blooming 
mill being the first of all the ro lling operations. 

Even more than for its size, this mill is unique in 
that the two main rolls, usually geared together, are 
driven individually, each by its own motor. This is a 
great improvement over the former method of a singlA 
motor coupled to a pinion stand. The ordinary con¬ 
struction of m ill pinions and housings permits wear 
and misalinemeut fium which develop, accelerated 
wear, noise, vibration, and occasional breakage. Often 
the mill must continue in operation for several days- 
after trouble has been developed before it can be con¬ 
veniently shut down. 

Each roll of the new 54-inch mill is driven by a double 
annature motor rated at 6,000 hp., 700 volts, direct 
current, at 40/80 r. p. m., both motors being under 
electrical control which keeps the speed of the two rolls 
precisely the same. The torque devdoped is 4,000,000 
Ib-ft., from standstill up to normal speed. The motors 
are of minimum diameter to avoid angiilarity of the 
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mill spiadles between motor and rolls, an incidental 
advantage being smaller inertia. 

Immediately following the 54-inch blooming mill 
just referred to is the 52-inch beam mill. The rough¬ 
ing mill is driven by a 7,000-hp. reversing motor, and 
a 2,000-hp. reversing motor for the edging stand. 
Likewise the intermediate mill will be equipped wifb 
revising motors rated at 6,000 hp. and 2,000 hp. 

There is now under construction by this same com- 
papiy, a 44-inch univCTsal slabbing mill, the driving 
motors of which will have a continuous capacity of 
12,500 hp., and a maximum emergency capacity of 
35,000 hp. The upper and lower horizontal rolls are 
to be individually driven by two 5,000-hp., 40/80- 
r. p. m. revising motors, constituting a twin motor 
drive of 10,000 hp., 4,000,000 Ib-ft. maximum torque 
capacity, duplicate of the 54-inch blooming mill now 
in operation. The vertical edging rolls are to be 
driven by a third reversing motor, rated 2,500 hp., 
79/225 r. p. m., 500,000 Ib-ft. maximum torque capac¬ 
ity. Power for the three reversing motors will be 
furnished by a 10,500-kw. flywheel motor-gmierator set 
consisting of a 180,000-lb. flywheel, a 6,500-hp., 25- 
cycle, 6,600-volt, 370-r. p. m. induction motor, and 
three 8,500-kw., 700-volt generators connected in 
parcel. This installation will be Pf unusual interest 
to steel mill engineers because of the large size of the 
mill and the electrical equipment, and also because of 
the method of drive, utilizing three reversing motors 
with control to provide adjustment of relative speeds, 
thus permitting variations in drafting and the use of 
rolls of imequal diameter. 

To secure the necessary refinment for the accurate 
automatic control of the screwdown mechanians on a 
32-inch three-high universal plate mill and on roughing 
and intermediate 52-inch universal structural mills, 
seven variable-voltage screwdown equipments have 
been installed. The variable-voltage control permits 
much more accurate settings than could be obtained 
with rheostatic control, either automatiic or manually 
operated, and thus speeds up the opaation of the entire 
mill. A further advantage is the elimination of the 
large capacity reversing and accelerating contacts 
and starting reastor, with accompansdng lowered 
maintenance. 

In addition to the 54-inch and 44-inch mills referred 
to above, this company is also completing a 96-inch 
continuous plate mill, a 10-inch alloy bar mill, a large 
op«a-hearth department, and a 20,000-kw. addition to 
the existing steam turbine power station. 

The 10-inch alloy bar mill will be driven by nine 
direct current motors, totaling 7,627 hp. Some of 
the motors have a speed range of approximately 5 to 1, 
which is obtained partly by motor field adjustments 
and partly by armature voltage control through the 
use of auxiliary bucking generators, one for each of 
two motors which have this large speed range. The 
use of these bucking generators permits operating the 
three mmn 1,750-kw., 600-volt generators in parallel at 


constant bus voltage. The motors will be equipped 
throughout with speed regulators of the vibrating t 3 rpe, 
designed to hold the speed regulation within very dose 
limits. ' ' 

An 8,000-hp., 40/100-r. p. m. reversing motor is 
now being built to drive a 44-inch blooming mill at 
Gary. This motor will be capable of developing a 
maximum torque of 2,900,000 Ib-ft. The mechanical 
parts of this motor, including the armature spider, will 
be of fabricated steel construction throughout. Several 
reversing motors with fabricated and electrically welded 
armature spiders have been in service for some time, 
demonstrating beyond doubt the reliability of this type 
of construction. Power for the 8,000-hp. motor will be 
supplied by a 375-r. p. m. motor-generator set, con¬ 
sisting of two 3,500-kw. generators, one 6,000-hp., 6,600- 
volt, 25-cyde induction motor, and one 200,00()-hp- 
sec. flywheel. 

A southern steel company has placed in operation at 
Alabama City, a new 40-inch blooming mill which 
replaces an engine-driven 86-inch mill. The 40-inch 
mill is driven by a 7,000-hp., 70(^volt,,50/120-r.p..m.,, 
single-armature reversing motor supplied with power 
from a 6,000-kw. flywheel motor-jgenerator set. TJbis 
company has also installed a new 32-inch three-high 
universd plate mill driven by a 4,000-hp., 80/160- 
r. p. m., d-c. motor, similar to a reversing mill motor, 
with variable-voltage power supplied by a 3,200-^. 
flywheel motor-generator. The major part of the mill 
output is light gage sheets. The t37pe of drive used 
permits the operator conveniently to select low speeds 
for the roughing passes, and high speeds for the finish¬ 
ing passes, with very rapid acceleration to the desired 
rolling speeds. An important feature of this mill is 
the automatic screwdown. When the operator moves 
the pass master switch to each succesrive position, the 
desired screwdown setting for each pass is obtained by 
automatic control. 

A 20-inch continuous hot strip mill in the Detroit 
District was put into operation in 1930. This mill has 
ten stands, each driven by an individual d-c motor. 
The drive for this mill has one very interesting feature. 
When rolling from riabs of such length that the piece 
will reach from stand 4 to stand 5, the section of the 
bus to which the first four motors and one 5,000-kw. 
generator set are connected, is segregated from the 
bus to which the remainder of the motors and the oiher 
generators are connected. This is necessary because 
the minimum speeds of the first four motors when 
operating at normal rated voltage are such that the 
metal would be delivered from stand 4 at a very much 
higher speed than it enters stand 5. Consequently, 
when the piece is continuous between stands 4 and 5, 
the speeds of the first four stands must be lowered by 
reducing the voltage of the generators on the section 
of bus to which the first four motors are coimected. 
A amilar arrangement was incorporated in the control 
of the first two motors on the 60-inch strip mill in a 
plant at Steubenville, Ohio. 
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Motor drive has for the first time been succes^uUy 
applied on a large scale to the operation of a 900-ton 
ingot pressing application that was formerly monopo¬ 
lize ‘almost entirely by steam or hydraulic operation. 
This press is in the new plant of a wrought iron manu¬ 
facturer near the Pittsburgh District and compresses 
wrought iron sponge balls, about five feet in diameter, 
into rectangular ingots, measuring about 6 ft. by 18 
inches square, preparatory to rolling in the blooming 
mill. On the final squeeze, it is necessary to fficert a 
pressure of at least 1,000 pounds pa* square inch. 
M^tenance of factory production at full speed,, re¬ 
quires operating the rams up to 75 feet per minute. 
Still the motors and press must be protected from the 
enormous stress which would result if the ram was 
brought up suddenly against a solidly compressed 
ingot. The solution of these and other problems in¬ 
volved a coordination of generator, exciter, and motor 
characteristics with manual and automatic control 
facilities, so that, as the pressure increases, the ram 
speed is slowed up towards the end of its stroke and the 
current will never exceed the allowable limit. 

The main 900-ton ram is driven, tluough four racks 
and dght pinions, by a double-armature, 1,200-hp., 
d-c. revei^g motor, having a’ normal full-load speed 
of about 125 r. p. m., and a maximum light-load speed of 
276 r. p. m. The motor was built with two armatures in 
order to reduce the W i?* and to halve the current to be 
carried by each commutator. The auxiliary 200-ton 
end rams are driven by a 325-hp. single-armature motor, 
having a nominal full-load speed of 250 r. p. m. and a 
maximum light-load speed of 550 r. p. m. The motors 
are of sturdy mechanical construction, with cast steel 
armature spiders, special armature coil bracing, and 
thrust bearings at the coupling end. Rear anffTnaing 
end bdls are provided so that the motors may be 
ventilated. This is necessary as the motors cany 
heavy loads at very low speeds, and are therefore 
incapable of self-ventilation. 

Variable-voltage d-c. power for the two press motors 
is furnished by a four-unit synchronous motor-generator 
set, consisting of a 1,000-kw. generator for the large 
motor, a 300-kw. generator for the small motor, a 
1,500-hp., 80 per cent power factor, 6,600-volt, three- 
phase, 60-cycle, synchronous driving motor, and a 
50-kw., 250-volt mcciter. 

In addition to the electrical features enumerated, tiie 
mechanical design of the press incorporates a number 
of features intended to provide safe and reliable opera¬ 
tion. The faces of the main ram head and stationary 
tide stop are not smooth but have corrugations verti¬ 
cally and horizontally across them, so that on the first 
impact, only about 10 per cent of the total face of the 
ram strikes the ingot and the ram has to move in about 
inches before the entire face strikes. 

The electrically driven press has been in operation 
several months, and its success has demonstrated the 
practicability of electrical drive for such machines. 

A mill in the Youngstown District has purchased 


the tiectrical equipment for a 10-inch bar mill having 
12 tandem stands. Ten d-c. motors totaling 7,350 hp. 
with variable-voltage control from two 2,000-kw. 
motor-generator sets will be used with this mill. The 
mill will have two unique features, one being the 
method of speed control and the other is the use of 
vertical motors to drive the vertical roll main 
stands. 

A speed regulator of the carbon pile type is used 
with each motor and with a master frequency generator 
to maintain a desired speed relation between stands. 
The customary bevel gear drive to the rolls has been 
eliminated by the use of vertical motors. The vertical 
motor is mounted above the mill on an overhung 
support. This support also carries the rolls and 
pinion housing. The rolls can be moved tideways or 
up and down with respect to the bar being rolled so 
that the vertical rolls can be lined up with the grooves 
of the horizontal rolls. 

Synchronous Motors 

Among the more important synchronous motors 
which have been purchased dtuing the year may be 
mentioned two 4,500-hp., 156.6-r. p. m., 6,600-volt, 
60-cycle units which will drive two rolling millg in the 
plant of a Pennsylvania m^ufacturer. This company 
also purchased one 5,000-hp., 360-r. p. m., 6,600-volt 
synchronous motor to drive a 24-inch billet mill and 
one 4,000-hp., 360-r. p. m., 6,600-volt motor to drive a 
28-inch billet mill at the same plant early this year. 
This company put into operation a 3,000-hp., 100- 
r. p. m., 11,000-volt, three-phase, 60-cycle s 3 nichronous 
motor, driving a three-high billet mill. This motor is 
of interest not only because it is one of the few main 
roll motors operating at over 6,600 volts, but also 
because it is started directly from the 11,000-volt 
circuit. 

A West Virginia manufacturer has purchased two 
synchronous motors, one 2,000-hp., 300-r.p. m. and 
one 1,000-hp., 360-r. p. m., which will drive the hot tin 
mills. This is believed to be the first installation of 
ssmchronous motors on mills of this character, previous 
practise having been to use induction motors with 
flywhetis. Synchronous motors were chosen because 
of the necessity of maintaining a good power factor, 
and also because of the gain in eflBciency. Not only is 
the synchronous motor itstif more efiicient than the 
corresponding induction motor, but the friction and 
windage losses of the usual flywheel •and the power 
losses in the secondary resistor or liquid slip regulator 
are elii^ated. It is estimated that the power per 
ton of tin plate rolled will be at least 5 to 10 per cent 
less than if an induction motor flywheel drive had 
been used. 

Switchgear 

All the modem improvements in switchgear equip¬ 
ment are rapidly being adopted by the iron and steel 
industry. The metal dad type of switchgear with its 
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live parts completely enclosed, exduding dust and 
dirt and at the same time protecting the operator from 
posable injury, is ideally suited to steel mill service. 

Auxiliaries 

Automatic screwdown equipment has been developed 
to the point where it will rapidly become more generally 
used. Two recent applications, one in a universal 
plate mill and the other in a structural mill have beai 
mentioned in this artide. The use of variable-voltage 
equipment for these screwdown drives has proved 
very desirable. 

There is increasing industrial activity in the applica¬ 
tion of vacuum tubes and related devices. The crane 
opwator on the soaking pit cranes for a 64-inch mill in 
the Chicago District will control the opening and 
closing of the soaking pit covers through the action of 
photoelectric cells. In another plant, a photoelectric 
cell acts as a “flag” switch to make the necessary set-up 
for registering the temperature of each billet as it 
approaches the rail mill. Undoubtedly, the field for 
such applications will rapidly inaease. 

The majority of the motor-driven heavy shears, 
such as bloom and slab shears, which are now in opera¬ 
tion, are driven through clutches by induction motors 
equipped with flywheels. The mechanical clutches 
are a source of more or less trouble, and to eliminate 
these and also the losses in the continuously running 
motor and flywheel, several shears have recentiy been 
installed with d-c. motor drives, arranged to start and 
stop with each cut. 

Two of these are in a new plant near Detroit. The 
larger of the two is an 800-ton slab shear, designed to 
cut a dab 8 inches thick by 25 inches wide. Another 
midwestem steel plant has recently placed in operation 
dght shears, cutting cold stock up to a maximum of 

inch thick by 42 inches wide. Some idea of the 
high rate of acceleration and retardation may be ob¬ 
tained from the fact that the shear makes a complete 
cyde in less than one second, and during this time the 


motor starts from rest, attains a speed of over 450 
r. p. m., cuts the plate and stops. 

A Pittsburgh tube mill has installed two scrap shears 
for crushing and shearing pipe up to 24 inches. 'They 
are of the new type with the shear motors starting and 
stopping for each cycle. 

What is believed to be the first application of syn¬ 
chronous motors to flying shear drive is in connection 
with a 20-inch hot strip mill in the Detroit District. 
The shear is of the rotary flying type, and, to insure 
that the metal shall be cut into equal lengths, it is 
necessary that the speed of shear be synchronized with 
the delivery speed of the metal from the mill. To 
accomplish this, an a-c. generator is provided on each 
stand, from which the metal may be delivered. The 
shear is driven by a synchronous motor, the power for 
which may be obtained from any of the a-c. generators. 

Three ore unloaders recentiy placed in operation at 
one of the Lake Erie Docks are interesting on account 
of their large size. The combined capacity of the 
three unloadera is 8,600 tons per hour, and the actual 
time for unloading a 10,000-ton boat is four or five 
hom^. The bucket capacity for each unloader is, 17 
tons. Each unloader uses eight motors totaling 
1,060 hp. The beam hoist motor is a 360-hp., 600- 
r. p. m., shunt-woimd mill motor and the trolley travel 
motor is a 170-hp. motor, these two motors having 
variable voltage conirol. The bucket dosing and 
opening motor is a two-speed wound-rotor mill type 
motor, and all other motors are a-c. motors. The 
motor-generator set for the variable-voltage control is 
mounted inside the beam and serves to help balance 
the stitf-leg weight. 

As dectrical improvements in the iron and steel 
industry are reviewed each year, the opportunities that 
exist for improvements in steel mill drives and auxiliary 
equipment become increasingly evident. These im¬ 
provements will result from a close cooperation be¬ 
tween the steel plant engineer, the mill builders, and 
the engineers of the electrical manufacturer. 
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Statistics on Incandescent Lamp Sales 

T he sale of incandescent lamps held up remarkably 
well during the past year, large lamps showing a 
decrease of about 1 per cent as compared with 
1^9. The Central Station revenue derived from the 
two classes of service in which light is a large factor 
(domestic and commo^ual, small power and light) 
showed an increase of about 7.5 per cent as compared 
with the previous year, offsetting the reduction from 
other uses of electricity, and leaving a net increase of 
about 8 per cent. 

The avm-age lumens, watts, and efficiency of the large 
lamps sold last year all increased as compared with the 
year before. The average lumens went from 797 to 
814; the average watts from 60.7 to 61.2 and the average 
lumens per watt 13.1 to 18.3. 

Of the sixteen standard wattages from 10 to 1,000 
inclusive, used in multiple service, three sizes 60, 100, 
and 200 watts, represent nearly half (46.6 per cent) of 
the total wattage demand. 

The percentage of 110-volt and 116-volt lamps sold 
decreased slightly, while that of 120-volt gained as 
compared with the previous year. The percentage 
distribution for last year for 110-, 116-, and 120-volt 
lamps was 6.2 per cent, 48.9 per cent, and 41.3 per cent 
respectively. Lamps for 200-260-volt service decreased 
from 3.3 per cent to 2.6 per cent of the total quantity 
sold for multiple service. 

The demand for street series lamps is concentrating 
on the 6.6 ampere rating. This now represents 71.2 
per cent of the total; the next largest demand being 
14.6 per cent which is for the 15- and 20-ampere com¬ 
pensator t 3 q)e lamps. 

New Sources of Ultraviolet Radiation 

A new type of lamp (called a glow lamp) has been 
developed which produces ultraviolet light by virtue 
of a glow discharge through mercury vapor between 
two hot cathodes of the oxide coated type. The two 
heater filaments for the cathodes are coimected in series 
and their resistance produces a sufficient difference in 
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once they have become heated. The lamp is rated at 
2 amperes and 18 volts. This lamp, designed for opera¬ 
tion on alternating current requires a starting potential 
of some 35 volts, afterwhich 18 volts issufficienttomain¬ 
tain the discharge. One, two or three lamps may be 
operated on the ordinary 115-volt lighting circuit in con¬ 
nection with a suitable current-limiting resistance, react¬ 
ance, or transformer. The glass bulb has been selected 
for its transmission characteristics so that the lamp will 
produce practically no radiation below 2,800 Anptrom 
units. In addition to producing the desirable radia¬ 
tions of ultraviolet light, it also produces blue and green 
light in the visible spectrum which may possibly be used 
to advantage in the future to supplement the light of 
Mazda lamps, to secure a nearer approach to a light 
subjectively white in color as well as to obtain the 
healthful ultraviolet radiation. 

In last years report a new tungsten-mercury arc lamp 
was referred to. This lamp consumed about 315 watts. 
A lamp of the same general characteristics, but of about 
forty per cent of this wattage has recently been an¬ 
nounced. The bulb is smaller, and is fitted with a metal 
cap which raises the operating temperature and pressure 
of mercury vapor in the bulb, and increases the effi¬ 
ciency of production of ultraviolet radiation. The ultra¬ 
violet output of the new lamp is approximately one-half 
of that of the older one. The transformer to be used 
with the new lamp weighs about 7)^ pounds and is 
small enough so that it can easily be embodied in the 
design of fixtures, to permit a wider use of this type of 
lamp, especially a source for dual lighting service. 

Still another tsqie of lamp employing a tungsten 
filament, operated at a high temperature has been 
foimd to produce ultaaviolet radiation in the biologically 
active range in sufficient quantity to be of value at 
least to poultry and animals where exposure times are 
not too short. Lamps for such service must, of course, 
be made with special bulbs which will transmit this 
radiation, and two sizes, 60 and 500 watts for operation 
on standard lighting circuits have been made available. 

A powerful, long-burning t 3 q)e of carbon arc has 
been developed for the production of ultraviolet radia¬ 
tion which was described in an illumination item in the 
December issue of the A. I. E. E. Journal, page 1031. 

Gaseous Conductor Sources of Light 

An arc, in an atmosphere of krypton and sodium, has 
been described by Dr. M. Pirani.* This operate in a 
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tube about one inch in diameter and 35 inches long 
which has to be maintained at a temperature of 350 deg. 
cent, (somewhat above the melting point of lead). A 
very high efficiency, about 70 per cent of the theoretical 
maximum, is obtained based on the input to the arc 
alone. With the supplementary heating required, the 
over-all efficiency wotild, of course, be reduced. Previ¬ 
ous to this time sodium arcs with efficiencies of from 
50 to 70 lumens per watt have been described. The 
light from such lamps, however, is nearly monochro¬ 
matic and would, alone, be of limited utility for ordinary 
lighting service. 

Dr. Pirani has also obtained great increases in 
biilliancy in mercury and in neon discharge tubes.t 

The combination of hot cathode neon and mercury 
vapor lamps to produce light apparently white in color, 
at a high efficiency, (mentioned in our report for 1928) 
is again attracting interest, as is also the combination 
of the mercury arc with incandescent lamps. 

Small Gaseous Conductor Lamps 

These small negative glow lamps used for night 
lamps, indicative and current detectors, are now de¬ 
signed to operate on line voltages from 90 to 130, and 
to consume from 0.01 to 2 watts,. The former is merely 
an indicator, the latter gives a maximum normal candle- 
power of 0.2. 

Photoflash Lamp 

A lamp has been designed to produce a high intensity 
flash for use in photographic work, consisting essentially 
of crumpled aluminum foil in an atmosphere of oxygen, 
which is ignited by a small filament that can be operated 
on any voltage from 2 to 130. It is made in a bulb of 
the size and shape of the 100 watt lamp used for general 
lighting service. 

The flash lasts approximately 0.02 second, the 
radiation is about such as would be obtained from a 
black body at a temperature of 4,000 deg. K. The 
flash is equivalent in candlepower to about 250 ordinary 
500-watt lamps. It is noiseless and fumeless, the 
products of combustion being retained within the bulb. 
The lamp is finding wide use in the photographic field. 

iO-Watt, Gas-filled Lamp 

The 40-watt lamp for ordinary lighting service is 
being changed from a vacuum to a gas-filled type, and, 
at the same time put in a slightly smaller bulb. The 
initial efficiency of the new lamp is slightly higher, and 
the light output is maintained better throughout life. 

BO-Watt Lamp 

The 50-watt incandescent lamp, for general lighting 
service, has been removed from the regular schedules 
of the manufacturers of Mazda lamps. Its demand can 
apparently be shifted largely to the 60-watt size which 
is gaining steadily in popularity. The three sizes,40,50, 
and 60 represented imnecessarily dose steps. 

'^ZeiUchrift fur TechneBche Physih —^Nov. 1930« 
tJS?. r. 2^.,—June 1930. 


New Incandescent Lamps 

Three new lamps for 110-, 115-, and 120-volt lighting 
service have recently;appe^d on the market. These 
are, a 6-watt lamp in a bulb H ihch in diameter, a 
100-watt in a tubular bulb 34 inches long, and a 150- 
watt in a tubular bulb about 12 inches long. 

Appucahon op Light 

Ultraviolet 

The utility of ultraviolet radiation for purposes, 
other than merely the prevention of rickets, has been 
attracting wide attention and has been the subject of 
much experimental work. Its most promising physio¬ 
logical benefits seem to lie in the direction of prevention 
of colds and relief of anaemia. In the industrial field 
powerful carbon arcs are used for making accelerated 
tests (which must however be carefully evaluated) and 
for the treatment of food, tobacco, and other products. 
Snmll incandescent sources can be used in poultry 
houses with good effect. 

The use of screens with arc somrces to absorb the 
ultraviolet radiation shorter than that which it is 
desired to use, has grown during the past year, partic¬ 
ularly in outfits intended for use in the home. A time 
limit switch is also incorporated with some outfits to 
reduce the probability of over-exposure. The develop¬ 
ment of very powerful arc sources with long-burning 
carbons, has extended the possible use of ultraviolet 
radiation in both industrial service, and in treating 
large groups in hospitals and sanatoriums. 

Trends in Lighting Practise — 19S0 

The interest of architects and decorators in the use 
of artificial light as a component part of their decorative 
scheme, is becoming more and more widespread. At 
first the new ideas were accepted in only the larger 
cities, now in most of the smaller cities and latter towns 
excellent examples of the new practise can be found. 

Instead of trying to imitate fiame sources, candles 
and oil lamps in fixtures intended for rooms of <»-lassir»Al 
treatment, the skillful designer produces a luminaire 
which serves the modem light sources in an effective 
manner and then incorporates in the detail of decora¬ 
tion elements which are inherent to the decorative 
period under consideration. 

The more commercial or stock fixtures which have 
appeared on the market during the last few months 
exffibit a tendency to new forms, characterized in 
general by simplicity of line and pleasing proportions. 

If satisfactory illumination is to be obtained from 
side wall outlets, these must be fitted with some sort 
of device quite diSwent from the ordinary candlestick 
bracket. Manufacturers are beginning to realize the 
possibility of so-called semi-indirect, side wall pockets 
or urns and a number of interesting varieties have been 
placed on the market during the period under consid¬ 
eration. 

Only a few years ago it was the practise! to finish the 
building and then choose the lighting fixtures. As a 
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result they often tended to appear as an incongruous 
after-thought, and not a component part of the struc¬ 
ture. We are now seeing many instances of what has 
been termed “built-in” lighting, but these arrangements 
cannot be carried out unless suitable provision is made 
in the initial plans for the placement of lighting equip¬ 
ment. 

There is a growing appreciation of the value of light 
to look at (as well as to see by) and in the more modem 
buildings we see interesting installations of luminous 
panels, niches, and touches of color which give no useful 
illumination but are pleasing to the eye. 

Naval architects and ship owners realize that their 
vessels must be made more interesting from a decora¬ 
tive standpoint if they are to attract patronage under 
conditions of severe competition, and decorative light¬ 
ing is receiving more attention than ever before in 
marine service. 

^ere seems to be a trend in commercial lighting 
practise toward the greater use of indirect lighting 
equipment, both semi-indirect and totally indirect. 
Such forms of lighting which are desirable for general, 
use in commercial interiors have been rather slow in 
being adopted probably because they require better 
maintenance than the enclosing globes. 

Technical progress has been made in practically every 
field of lighting. In some of the newer ones, such as 
lighting for outdoor sports and for aviation, there has, 
in addition, been a very rapid growth. T’here have 
been no revolutionary changes, however, in equipment 
and methods generally employed. 

WindowlMS Buildings 

Perhaps the most outstanding development in con¬ 
nection with the use of daylight or artificial light for 
buildings that has taken place to date was started 
during the past year. The new factory of the Simonds 
Saw & Steel Company, Pitchbui^, Mass., which is now 
nearing completion is built entirely without window 
openings. This pioneering project is receiving much 
publicity and the results will unquestionably be watched 
with interest and have a distinct bearing on the future 
buildiiig construction. In this building lighting units 
consisting of a combination of mercury vapor tubes 
and tungsten filament lamps will be xised to secure a 
subjectively white color of light. Some of the tubes 
will be of ultraviolet transmitting glass to provide the 
desired amount of such radiation. Another notable 
example of this nature is the Parker Bridget Depart¬ 
ment Store in Washington, D. C. This store depends 
entirely on artificial illumination for its operation. It 
is felt that by eliminating windows lighting conditions 
are constant at all times. It is much easier to accu¬ 
rately control temperature and ventilation. Then, too, 
from a naerchandising standpoint the larger percentage 
of wall area is available for display space. 

With the record for continuity of service which has 
been attained by the central stations, and the develop¬ 
ment of effective means of lighting, ventilation and air 


conditioning, windows are no longer essential. There 
are so many advantages to be gained by their elimina¬ 
tion in certain classes of use, that it appears as though 
this subject wiU receive increasing attention in the 
future. 

Proper OperaMng Voltage 

The N. E. L. A. Lamp Committee gives in its report 
this year, the results of further surveys of socket volt¬ 
ages, which show some improvement in the average, 
value as compared with the sample cities studied the 
year before. The spread in voltage, however, shows 
no improvement. The results given in these' surveys 
apply particularly to residential service. In large 
oflSce buildings and industrial plants the average socket 
voltage is probably relatively lower than in residential 
service because of the grte,ter voltage drop in interior 
wiring. 

The N. E. L. A. Lamp Committee Report for 1928 
contained a summary of data on operating voltages as 
reported in use for some 18,000 communities. This 
summary showed that 5.4 per cent of the popxdation 
considered was in communities served at more than 
one standard voltage. Five years earlier the percentage 
had been 13.2. This trend toward the use of one 
standard operating voltage in each community aided 
in putting lamps of correct voltage in service, because, 
it is obviously difficult, if not impossible, to avoid 
mixing voltages in service where two or more standards 
are in use. The maintenance of but one standard 
service voltage throughout a community makes it 
much earner to be sure that lamps of only the correct 
voltage are used, and this is important from the stand¬ 
point of lighting service in general. 

Minimum Wiring Specifications 

In addition to the minimum specifications for the 
adequate wiring of lighting drcuits in commercial and 
public structures, mentioned in last years report, 
^ecifications covering industrial and residential smnice 
will soon be made available as a result of further work 
by N. E. L. A. Committees. All of these specifications 
are in such simple form that they can be used with the. 
greatest ease. They provide minimum standards to 
which all new buildings should conform in the interests 
of good lighting- service. We a,gain recommend that 
every electrical engines who is brought into contact 
with the design or operation of lighting installations 
should be familiar with these sp>ecifications. 

Stroboscopic Devdopments 

A new t 3 rpe of stroboscope has been developed in 
which the discharge characteristics of a three-element 
grid glow tube are utilized in conjunction with a con¬ 
denser to produce the brilliant flashes of light of exceed¬ 
ingly short duration and high frequency needed in such 
work. Another method, described in German technical 
literature produces flashes of the desired character by the 
combination of motion of three disks carrying differ^t 
numbers of radial slits. A more complete description 
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of these devices has been submitted for publication as 
an Illumination Item. 

Group Replacements 

The replacement of incandescent lamps in street 
lighting sfflvice in complete groups rather than in¬ 
dividually as failures occur, offers a possible means of 
securing a higher general level of illumination and 
reducing the number of outages at no increase in 
operating cost. It is bdng used, or tried out, in a 
number of localities. If the burning hours of all the 
lamps in a large group are identical, and if the cost of 
replacing lamps individually as they bum out is rela¬ 
tively high, it may be advantageous to replace the 
dntire lot as soon as the burnouts begin to occur with 
some frequency, which will ordinarily be at the time 
the lamps have attained about 70 p«: cent of their 
average life. If this general replac^ent is made to 
coincide with one of the periodic cleanings of the 
lighting equipment the replacement cost per lamp is 
relatively ranall. This same practise might well be 
applied in othfer classes of service, where the cost of 
making individual replacements is relativdy high, and 
where all the lamps in a large group bum the same 
length of time. 

Fixed Focus Auiomobile Headlights 

It has long been recognized that one of the greatest 
factors contributing toward glare from automobile 
headlights has been the fact that the lamp fQaments 
were not properly focused in the reflectors. Although 
the S 3 rstem of approval of headlight equipment by the 
motor vehicle authorities of the various states after 
laboratory test has become quite general and all cars 
are equipped with head lamps capable of producing 
adequate road light with minimum glare, it has been 
impossible to keep these equipments in proper adjust- 
m^t in the hands of the public. The motorists may 
learn to aim the headlight beams properly, but the 
more intricate operation of focusing the filament in 
the reflector has proved a stumbling block. 

Because improvanents in lamp manufacture now 
permit more accurate location of the filaments with 
respect to the lamp base, and because headlight re¬ 
flector and lens combinations have been designed that 
are less sensitive to focal adjustment, it has become 
possible for the motor vehicle authorities to approve 
the use of so-called “fixed focus” headlamps from which 
the focusing mechanians are entirely elimmated. The 
sockets in these headlamps are rigidly fastened in the 
reflectors and the filaments in the lamps of any repu¬ 
table manufacturer in this country are accurately 
designed to fit them so that an acceptable beam can be 
secured by simply inserting the lamp in the socket. 

Headlamps of this type are already being used by 
several of the motor car manufacturers and improve¬ 
ments in the gaieral headlight situation are to be 
expected as their use becomes more mdespread and 
cars with the old types of equipment, are gradually 

replaced on the highways. 


General 

Present Status of Candlepower Standards 

While the needs of practical photometry hav^ been 
met reasonably well for many years by the expedient 
of establishing units of candlepower maintained by 
means of electric incandescent lamps, this procedure 
does not give a permanent solution for the problem of 
photometric standards. There remain unsettled three 
major difSculties: 1. Several countries, particularly 
Germany and Austria, still use the Hefner unit, which 
is 0.9 of the unit recognized by the International Com¬ 
mission on Illumination; 2. no reproducible primary 
standard has been accepted as representing the inter¬ 
national unit which was established for carbon-filament 
lamps; 3. no specific method has been agreed upon 
for passing from the carbon-filament lamps to those 
giving light of other colors. 

These difficulties have resulted in discrepancies be¬ 
tween measurements made in different countries. The 
differences are large enough to be vay serious in such 
precise measurements as are made in rating and testing 
incandescent lamps. Consequently efforts have been 
made for several years to find a basis for a compre¬ 
hensive international agreement on this subject. These 
efforts have berai furthered by discussion at several 
sessions of the International Commission on Illumina¬ 
tion. In order to give a more definite legal status to 
the negotiations the International Committee on 
Weights and Measures decided in 1929 to take up the 
problem of photometric units and standards, collab¬ 
orating with the Conunission on Illumination. Both 
of these organizations meet in 1981, and it is hoped 
that some definite progress can be made toward the 
solution of the problem. 

As a basis for action, an international Advisory 
Committee on Electricity, meeting in June, 1930, has 
prepared recommendations which may be summarized 
briefly as follows: 

1. As a primatT/ standard of light a blaok-body radiator is 
definitely recommended; other laboratories are asked to consider 
the specific form of standard which has been developed by the 
Bureau of Standards, and to make determinations on that form 
or on others which will be comparable with it. 

2. As a unit for general use the present international candle 
is to be retained. 

3. Present discrepancies between basic units at carbon- 
filament color as maintained in the different national laboratories 
are to be reconciled by comparisons now in progress, and there¬ 
after periodic comparisons and necessary adjustments are to be 
made under the auspices of the International Committee on 
Weights and Measures. 

4. Through comparisons of colored filters now under way 
between the national laboratories it is hoped that agreement 
can be reached on a standard method for measuring lights of 
various colors. This method can then be used in setting up 
practicid standards for lamps of various types, all based upon 
the primary standard and all consistent with each other. 

Architects and Lighting 

, During tbie past year the Illuminating Engineering 
Sodety has given great attention to securing better 
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cooperation between the architects and illuminating 
engineers. As one approach to this problem, three 
very well attended schools on architectural problems 
have "been held, one at Columbia University, one at 
Chicago, and one at the Massachusetts Institute of 
Technology. Such schools for Illuminating engineers 
save to acquaint them with architects’ viewpoints and 
nomenclature, thus helping to bridge the gap between 
the two professions. On the part of practising archi¬ 
tects greater attention than ever before has been given 
to coordinating lighting with building design. 

Important steps have been taken in fostering better 
lighting in the homes and schools of the United States. 
In this manner the best principles of lighting have been 
made available to school boards and home owners. 
This work is spreading rapidly. 

A code of principles of Street lighting has been 
prepared by the Street Lighting Committee of the 
Illuminating Engineering Society, which is likely to 
take a very important part in guiding the practise in 


this field. For the first time experts and engineers 
representing diverse interests and viewpoints have 
been able to agree uj)on a statement of some of the 
fundamental factors involved. 

The Lamp Committee of the National Eleclaic Light 
Association presents each year to that assodation a 
report in which the statistics relating to incandescent 
lamp production are anal 3 rzed in detail, and in which 
important devdopments in the production and appli¬ 
cation of light are reviewed. Those who wish more 
detailed statistics, as well as those who are concerned 
with the commerdal and engineering problems of 
lighting, will find valuable the reports of various com¬ 
mittees of the National Electric light Assodation and 
the Illuminating Engineering Sodety. 

The Committee wishes to record its appredation for 
the assistance rendered in the preparation of tins 
report by Dr. E. C. Crittenden (who contributed the 
section on the Present Status of Candlepower Stand¬ 
ards), Mr. A. L. Powell, and Mr. A. B. Oday. 


Applications to Mining Work 

ANNUAL REPORT OF COMMITTEE ON APPLICATIONS TO MINING WORK* 


T here has been a minimum of new installations 
made this year owing to the general depression. 
Hoists. Probably fewer hoists have been installed 
than in many past years. It is interesting to note that 
two manufacturing companies alone report that com¬ 
bined they have sold to date nearly 800 induction motor 
hoists from 200 to 1,800 hp. in size, and over 100 
variable control d-c. hoists from 200 to 5,000 hp., the 
‘ latter two motors in series. 

Cleaning Plants. There is a continued trend toward 
larger and more complete preparation plants espedally 
at mines using mechanical loading instead of hand 
loading. One plant, Hazle Brook Coal Co., has in¬ 
stalled two 200-hp. Westinghouse synchronous motor 
drives. 

Shovds. Electrification of 4- to 10-yard shovels has 
continued in the metsd mines. 

Mining Machines. The manufacturers of this spedal- 
ized electrically driven equipment have been very 
active in produdng new types of mobile high-powered 
machines. These machines now undercut from 600 
to 1,200 tons per day in contrast with older types which 
did well to undercut 200 tons per day. See Mg. 1. 
Loading Machines.- Rapid increase of the amount 
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of coal mechanically loaded indicates that these labor 
saving devices are permanentiy established in the 
industry. Various makes have sustained records of 
350 to 500 tons loaded per 8 hours. Probably th^e 
are 500 such machines now in operation. 

Wddin^. In addition to miscellaneous repair work 
by electric arc welding several companies have installed 
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full automatic welding heads to be used for filling up 
the worn tread of locomotive tires and wheds. This 
has been quite successful and undoubtedly vrill be very 
generally used. 

Safety Work. The Bureau of Mines has continued 
to test and approve many new devices for nrining work. 

Noth: Many references to niisceUaneoiis improvements and applicatloiks 
are given in the Coal Age^ Vol. 36, No. 2, Feb. 1931, p. 76. 





Applications to Marine Work 

ANNUAL REPORT OF COMMITTEE ON MARINE WORK* 


T he major items of activity of the committee for 
the cxirrent term have been: 

a. Reprinting Standards No. 46—Recom¬ 
mended Practisefor Electrical Installations on Shipboard. 

b. Promoting licensing of the electrical operating 
personnd on shipboard. 

c. Keeping in touch with electric propulsion of ships 
and the electrification of auxiliaries on shipboard. 

Standards No. 45 

During the last term of this committee these stand¬ 
ards were completely revised to incorporate develop- 
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ments and expansion in the marine practise since the 
previous issue of June 1927. They were carefully edited 
and reprinted in October 1930 and are being rapidly 
sold to all departments of the marine industry interested 
in dectrical work. These standards are recognized and 
accepted by the various marine classification and 
insurance sodeties, naval architects, marine engineers, 
shipbuilders, and ship owners and are bring incorpo¬ 
rated in many of the spedfications regulating the 
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construction and repair of ships. The increasing use 
of them testifies to the need of such rules in order to 
standardize the electrical installations on shipboard 
and to stimulate the use and proper care of electincal 
machinery in the marine field. 

They are referred to in the various rules of dassifica- 
tion societies not as a requirement but as representing 
good practise. This regard for these rules is justly 
merited due to the many years of hard work by experi¬ 
enced representatives of the diversified interests com¬ 
posing the marine field. 

The fire alarm rules in the present Steamboat Inspec¬ 
tion Service are consistent with the Standards No. 46 
and were referred to this committee during their 
preparation. 


Operating Personnel 

Our efforts were continued with the Steamboat 
Inspection Service to obtain cla^fication and rating 
for dectrical operating en^neers bn shipboard. 



Fig. 2—^Vibw in TJppbb Engine Boom, 
8. 8. Morro Castle 

Propulsion control at left and generators at r!t£ht 


A review of the work of the subcommittee in charge 
of this item carries one back to the year 1922 when 
overtures were made to the Steamboat Inspection 
Service to require the operating personnel on vessels 
with riectric plants to qualify and obtain electrical 
licenses. 

The committee’s efforts to date have b^en rewarded 
by a slight rairing in the standard of the electrical 
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questions in the examination for license for steaih and 
combustion engineers. 

The Board of Supervising Inspectors has been very 
courteous and granted a number of hearings. The 
necessity for the requested action, is recognized by a 
few of the supervising inspectors and it is hoped that 
there will soon be a sufficient number to put the move¬ 
ment into effect. 

The cause for this movement was the improper 
maintenance of electrical equipment on shipboard and 
is today perhaps more prominent than when the move¬ 
ment was started ovidng to the increase in the use of 
electrical apparatus and auxiliaries, with the exception 
of vessels equipped with electric propulsion and all of 
these are not immune. 

On electrically propelled vessels the standard of the 
electrical force is somewhat higher than on other 
vessels. Consequently, the electrical apparatus and 
auxiliaries receive the benefit of more expert attention. 

The committee has been in touch with the President 
of the American Steamship Owners Association solicit¬ 
ing its good offices. Our committee was cordially 
received and has been requested to submit its proposal 
relative to the absence of knowledge and training on the 
part of the operating personnel. This proposal is almost 
complete and it is hoped it will be submitted at an early 
date. 

The subcommittee is keeping in close touch with this 
situation and is optimistic in feeling that favorable 
action will be taken by the Steamboat Inspection 
Service before long and their regulations modified 
accordingly. 

Electric Propulsion and Electric Auxiuaribs 

The year 1930 takes its place in marine history of 
the United States with a record of activity, progress, 
and accomplishment in shipbuilding and marine engi¬ 
neering, which has not been approached since the busy 
days of the World War. This is, of course, due largely 
to the stimulation resulting from the Jones-White 
Merchant Marine act of 1928, which has made available 
to American ship operators, large mail contracts and 
loans at low interest rates for construction of new 
vessels. Thus, our merchant marine is to receive a 
much needed strengthening by the addition of a fleet 
of fine ships now under construction or in process of 
design. 

In the design of these last words in naval architecture, 
electricity has taken an outstanding place. Some will 
be propelled by means of electricity. All will have 
electrically driven auxiliaries which are so necessary 
to the op^tion of the ship. Electrical appliances will 
add to the comfort and convenience of the passengers. 

In order to illustrate the progress of electric propul¬ 
sion especially during the past year the following data 
covering vessels completed or contracted for to Janu¬ 
ary 1,1981, are listed below. 




Hp. 

No. vessels 

Total turbine electric in U. S, A. 


.867,600.. 

. 62 

Total turbine electric outside U. S. A.. 


.127,900.. 


Total. 


.995,500... 

.. 71 

Oommissioned or under construction 
1930 in U. S. A. 

during 

. 196,900.., 

..20 

Total diesel electric in U. S. A. 


. 88,280... 

..121 

Total diesel electric outside U. S. A_ 


. 16,700... 


Total. 


. 104,980... 

_.129 

Oommissioned or under construction 
1930 in U. S. A. 

during 

. 15,195... 



It may be interesting to know the individual vessels 
and their horsepowers involved in the above figures. 


Name Horsepower 


Turbine Electric Drive—Ships Commissioned During 1930 in 

U. S. A, [ 

Sonia Clara . 12,600 

Morro Castle . 16,000 

Oriente . 16,000 

City of Flint (Great Lakes Oar Perry). 7,200 

Corsair . 6,000 

4—Ooast Guard Cutters. 12,880 

2—^Biver towboats. 4,000 


Total. 74,680 

Turbine Electric Drive Equipments—Under Construction During 
1930 

President Hoover . 26,500 

President Coolidge . 26,500 

United Fruit Oo.—6 ships 11,000 hp, each. 66,000 

One Ooast Guard Gutter... 3,220 


Total.122,220 


Diesel Electric Drive—Installed During 1930 

Frying Pan .Lightship. 

Fenwick Island .Lightship. 

Nantucket .Lightship. 

Tidewater .Tanker. 

Ward Island .Perry. 

Tenkenas .Perry. 

Veedol No. 2 .Tanker. 

L. T. C. No. 1 .Tanker. 

L. T. C. No. 2 .Tanker. 

L. T. C. No. 3 .Tanker. 

Liston .Survey Boat.., 

Scott .Towboat. 

Ft. Armstrong .Towboat. 

Cleveland .Tug,. 

Rochester .Tug.; 

Scranton . Tug. 

Oleon . .Tug.. 

Venus .Tug. 

Luna . .Tug. 

Prescottont .Tug. 

One tug Vandyke No. 4 . 


350 

350 

350 

1,000 

400 

400 

1,000 

500 

500 

500 

350 

150 

150 

800 

800 

800 

800 

515 

515 

800 

425 


Total. 11.455 

Diesel Electric Drive—Under Construction 

One yacht.... 660 

One tanker. 200 

Oneflreboat. 2,130 

One ferryboat. 750 


Total 


3,740 


Prior to the commissioning of the S. S. California 
in 1928 the total turbine-electric horsepower installed 
on merchant ships was but 38,800. Out of a total of 
856,200 horsepower completed and in course of con¬ 
struction as of the end of 1930,317,400 horsepower, or 
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89 per cent, was undertaken during the past three 
years. 

Slightly apart from the marine field, but with equal 



Fia. 3 — ^AtrxiLiABT D-C. Switchboabd, 
S. S. Mono Castle 


interest to it, was the installation of a central station 
in the Jacona, which is to be used as a mobile and sub¬ 
sidiary power plant along the shores of the New England 


Coast. Two turbine generators were installed, each 
rated 10,000 kilowatts for delivering power ashore at 
6,600 volts or 11,400 volts three-phase 60 cycles. 

During 1930, a 96-in. (wheel diameter) gsrroscopic 
stabilizer complete with electrical equipment, was con¬ 
structed. This unit will be installed in a large yacht. 
A second unit with 11-ft. diameter wheel, complete with 
electrical driving motors, control and turbine generator 
set for power supply, is nearing completion for installa¬ 
tion on one of the largest yachts ever built. The casing 
of this stabilizer will be of welded construction. 

During the year 1930 great strides were made in 
shipboard installations of modem watertight door 
control systems. This system provides that in the 
event of collision electric operation of the watertight 
bulkhead doors is instantly available. The system 
provides remote control of the watertight doors from 
the wheel house as well as at the door itself. 

It is the intention of this committee to keep Standards 
No. 45 up to date and assist in any practicable way the 
various classification societies and other bodies or in¬ 
terests in the marine field in the application of elec¬ 
tricity to marine rise. 

We further are ready to cooperate with the American 
Marine Standards Committee in establishing electrical 
naarine standards such as watertight receptacles, etc. • 









Power Generation 

ANNUAL REPORT OF COMMITTEE ON POWER GENERATION* 


T WO meetings of the entire committee were held 
during the year, one at the Philadelphia District 
Meeting on October 14, 1930., and the second at 
the Winter Convention in New York on January 28, 
1931. In addition to the regular survey of immediate 
developments and problems in the scope of the com¬ 
mittee, a continuing organization or method was 
adopted through which news items on the subject of 
power generation will be reported for publication in 
Electrical Engineering. Each member of the com¬ 
mittee was asked to appoint some one of his business 
associates as a permanent news correspondent to rep¬ 
resent his .particular affiliation irrespective of member¬ 
ship in the future on the Ppwer Generation Committee, 
The subject of interconnection continued to occupy 
the major attention of the committee, and especially 
of the Joint Interconnection Subcommittee on which 
Messrs. F. C. Hanker, P. H. Hollister, and A. E. Silver 
represented the Power Generation Committee. The 
formation of this subcommittee composed of members 
from the Power Generation, Powct Transmission aind 
Distribution and Protective Devices Committees, was 
predicted in last year’s report, and the subcommittee 
has functioned throughout the year under Mr. Hanker’s 
chairmanship not only to the fiillest ertent, but has 
also promoted a close working arrangement among the 
three main conunittees in dealing with a subject that 
has many common elements. 

The Joint Interconnection Subcommittee has directed 
the preparation of a second report on "Grounding,” 
which was presented at the Pittsburgh meeting in 
March 1931 under the title PreserU Day Practise in 
Grounding oj Transmission Systems, and while of tech¬ 
nical import to this committee, is also of interest be¬ 
cause the original report on Grounding was prepared in 
1923 by Mr. E. C. Stone now of the Power Generation 
Comnoittee. 


The Interconnection subcommittee has also spon¬ 
sored a session in this summer’s convention, consisting 
of four papers that treat the subject of interconnection 
primarily from the viewpoint of geographical, as con- 
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trusted to urban territory, interconnection. The 
introductory paper, prepared by Mr. Alex. E. Bauhan, 
is a comprehensive summary of the various services 
rendered by interconnection, and an exposition of the 
methods of evaluating the economies to be secured. 
Two papers that illustrate the plans and operating 
procedures adopted in different regions, are as follows: 

Interconnection in New England, by E. W. 
Dillard and W. R. BeU; The Pennsylvania-Ohio~ 
West Virginia Interconnection, by Howard S. Fitch. 

The fourth paper, by G. M. Keenan, is on Load and 
Frequency Control on Interconnected Systems and sum¬ 
marizes the methods in use and the experience on the 
subject that has accumulated in the past two to three 
years on practically all the major system intercon¬ 
nections in this country. 

The committee reviewed during the year and recom¬ 
mended as of great interest on the subject of inter¬ 
connection other papers as follows: 

Governor Performance During System Distur^ 
bances, by R. C. Buell, R. J. Caughey, E. M. Hunter, 
and V. M. Marquis. 

Reestablishing Excitation of a Loaded AUernator 
in Parallel vMi Others, by D. D. Higgins and 
E. Wild. 

Other papers describing the design of modem power 
plants that have been reviewed by the committee in¬ 
clude the following: 

The Ohio FaMs Hydroelectric Station at Louisville, 
Kentucky, by R. M. Stanley and E. D. Wood. 

Modern Steam Stations of Duke Power Company, 
by Marshall E. Lake. 

Steam Power Development of the Pacific Gas and 
Electric Company, by Richard C. PoweU. 

Two papers with an introductory summary have been 
initiated and are now in preparation on the subject of 
steam and electric drives. These papers are being 
written in collaboration for the purpose of uniform 
presentation, and are scheduled for one of the fall 
meetings this year. 

Another activity initiated that will result in a sym- 
porium during the 1932 Winter Convention, is sug¬ 
gested by the lade of information reported to the 
committee on the subject of system operation from 
the viewpoint of economy and reliability in carrying 
load schedules. There is considerable lito'ature rdat>< 
ing to load division among boilers and generating units 
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in single stations, but new problems in load allocation 
have resulted from the extensive interconnection of 
systems previously operating as separate units. It is 
planned to secure a series of papers describing the 
practise of at least three of the larger operating systems 
on which steam generation is exclusively employed, 
and to reserve the subject of combined steam and 
hydroelectric sources for later discussion. 

The Progress Report which follows, covers the de¬ 
velopments of the past two years. Together with a 
bibliography of the more salient literature on power 
generation. 

Recent Developments and Present Status op 
Power Generation 

Volume and Distritmtion of Generation 

The combination of a two-year drought and the 
business depression had a marked ^ect upon the 
distribution of the total electric generation in the 
United States between fuel burning and hydroelectric 
plants. Prom 1921 and 1928 the average yearly 
increase in total generation was quite uniform at 11.5 
per cent, in fuel generation at 10.9 per cent, and in 
hydroelectric generation at 12.7 per cent. Appl 3 dng 
these average rates to the figures for 1928 there is a 
calculated deficit at the end of 1930 of 12.1 per cent in 
total generation, 4.0 per cent in fuel generation, and 
32.5 per cent in hydroelectric generation. These figures 
show that the loss in hydroelectric generation caused 
by the drought allowed fuel generation almost to hold 
its normal increase notwithstanding a decrease of 1.5 
per cent in total generation in 1930. The total genera¬ 
tion in 1930 was 96 billions, of which 34.6 per cent was 
generated in hydroelectric plants in contrast to 40.4 
per cent in 1928. 

Generating Plant Building Programs 

The added steam generating capacity in the United 
States in 1929 was secured by about 57 pct cent in new 
plant construction and 43 per cent in additions to 
existing plants. The total added capacity was nearly 
2,250,000 kw. It is interesting to note that in 1980, 
in spite of the fact that the total electric production 
for the year was about 1.5 per cent below that of 1929, 
there was nearly as much steam generating plant 
capacity added as in 1929, a total of slightly over 
2,000,000 kw. This was divided 47 per cent in new 
plants and 53 per cent in additions to existing plants. 
Apparently the depression of the past year is to be 
reflected in the amount of capacity contemplated for 
1931 additions, which is about 1,250,000 kw. These 
additions are mostly in existing plants where the added 
capacity is 75 per cent of the total, a condition ap¬ 
proaching that of 1928, when practically all of the new 
steam capacity was in additions to existing plants. 

Compared to 1928, the number of new hydroelectric 
plants and the capacity installed in 1929, was strikingly 
small; the new installations in 1930 were over three 


times greater than in 1929, but they still were appre¬ 
ciably less than in 1928. The plants now under 
construction that will be completed in 1931 will total 
about 50 per cent of the additions to capacity ifi 1928, 
while present indications are that the new capacity 
developed in 1932 will be only a fraction of the 1931 
installations. Contrasted to the schedule of immediate 
construction are the probabilities within the next few 
years of the super-capacity plants that are being con¬ 
sidered on the Columbia, Colorado, and St. Lawrence 
rivers. 

Major Influences in Current Design of Steam-Electric 
Plants 

The fundam^tal factors influencing the design of 
modem steam-electric generating plants are about the 
same as those which dictated design in the past. They 
are only modified by new and better apparatus now 
available, such as improved and alloy steels which 
make possible the use of higher pressures and temper¬ 
atures, improved fud buriiing equipment and fximaces 
which permit of much higher boiler ratings and greater 
effidences, together with numerous other improvements 
in auxiliary apparatus. 

For a number of years the tenden<gr of steam plant 
investment costs was upward and these increased costs 
were justified by the considerable improvement in 
economy. The point has now been reached where 
improved effidendes are becoming increasingly difficult 
to secure, and any increase in capital cost is difficult to 
justify. It would seem, therefore, that the effort to 
lower production costs must lie in reductions in capital 
investment through simplified design, raising the out¬ 
put of the equipment, and increasing the capadty for 
a given unit of space. 

Probably the most attractive feature in a program 
of simplification is the possibility of reducing the num¬ 
ber of boiler units for a given turbo generator output. 
Reports published within the last year indicate that 
the modem boiler has a reliability factor practically 
equal to that of the turbo generator. It would, there¬ 
fore, seem that spare boiler capadty should be con¬ 
siderably reduced over past practise up to the point 
where boiler and turbine capacity would be equal. In 
other words, the boiler and turbine might be considered 
as one complete unit. This would be particularly 
practical where there are several units in the same 
station, in which case a certain degree of flexibility 
could be secured where a boiler and turbine forming 
separate units might be out of service, in the one case 
for boiler inspection or repairs and in the other case 
for turbine inspection or repairs. 

The greater deanliness in the operation of fuel 
preparation and feeding apparatus will now permit the 
installation of turbines, boilers, and fuel equipment in 
single buildings without the use of the dividing walls 
which have up to this time been considered necessary. 
There has been a number of instances where plants 
have be^ constructed without these walls and are 
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giving very satisfactory operating results. The omis¬ 
sion of dividing walls not only saves the cost of the wall 
but reduces the amount of building steel and permits 
of a iflore compact arrangement of apparatus, thus 
bringing about a natiiral reduction in the cubic contents 
of the building. In certain eases a reduction in operat¬ 
ing labor, has also been secured. 

Outdoor installations of boilers, turbines, and elec¬ 
trical equipment are advocated by some engineers and 
many attractive studies have been brought forth. To 
date, however, no large outdoor installations have been 
projected. While such installations are not in entire 
favor with operating engineers the reduced investment 
hM made the designs- of interest. 

In practically all of the older designs there was a 
great deal of duplication in the- piping layouts. Nu- 
me;!:ous cross connections, loops and sectionalizing valves 
were.iiised, partly with the idea of protecting against 
failure bf any part of the piping systera and partly due 
to, the desire to protect against failme of apparatus 
used in the feed-water heating cycle. Expepenee witb. 
operation of piping, valves, and equipment has sho'vpi 
ttet their factor of reliability is, in general, great ^ 
that of the turbines and boilers. The opinion has 



Fiq. 1—Pee Cent Bedttction in Unit Cost of Single 
Shaft Tubbo-Gbneeatob Units Designed foe 450 Lb. 776 
Deg. Fahe. Steam 

frequently been expressed that provisions made for 
cross-coimecting and sectionalizing have never been 
used even though they have been in the plant for a 
considerable number of years. Simplification of pipmg 
design and reduction in number of valves, joints, etc., 
would reduce both the capital expenditure and the 
operating cost. 

Considerable thought has been given to reducing 
the number of duplications of auxiliary equipment, 
such as condensate, air and circulating pumps for 
turbo generator units. In designs where several spare 
boilers .were provided it wa^ the practise to install 
single auxiliaiies such as stoker drives, forced and 
induced draft fans, whereas on the turbo generator 
units it was customary to duplicate the auxiliary equip¬ 
ment. With the present consideration being given to 
reduction and possible elimination of spare boilers, the 
question of duplication of auxiliaries should be care¬ 
fully considered. The usual aigument that it is good 
insurance to protect the large unit by the installation 
of duplicate and comparatively cheap a,uxiliaries,; 
carries some weight. Against this, however, must be 


balanced the lower capital and opiating costs by 
minimizing the number of pie(^ of apparatus and sim- 
plif 3 dng the piping design. 

The use of larger units, both boilers and turbines, 
has resulted in a lower unit cost of equipment and in a 
marked reduction in the cost of the building pqr 
kilowatt of capacity. There is a number of installa¬ 
tions either already made or pending, where the capac¬ 
ity of the new turbo-generator unit is from two to 
three times that of the unit for which, the building was 
originally planned. It is evident, therefore, that the 



STEAM OUTPUT OF UNIT-I000*S LB. PER HR. 


Fiq. 2—^Pbr Cent Reduction in Cost of Boiler Units 
Designed fob 450 Lb. 775 Dbg. Pahb. Steam 

Prices used In plotting the curve include cost of bdiler. superheater, soot 
blowers, air heater economizer, and pulverized fuel equipment 

cost of this portion of the building per kilowatt would 
be reduced to one-half or one-third of the original cost. 
A few years ago the cost of buildings per kilowatt of 
capacity was roughly $30. It is, therefore, evident 
that the possible savings in building alone due to use 
of larger equipment results in a material reduction in 
cost per kilowatt. This would have a particular appli¬ 
cation where equipment is to be installed in a vacant 
space in an existing building or where it is desired to 
increase the capacity by replacing equipment in an old 
plant which is strategically located in the distribution 
system. 
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Fig. 3—^Pbe Cent Bedttction in Cost of Single Shaft 
Thbbo-Geneeatoe Units Designed foe 1,000 Lb. 775 Dbg. 
Fahe. Steam Reheated to 775 Dbg. Fahe. 

The reduction in fioor area has assumed importance 
not only from the standpoint of building and land 
value but from the resulting reduction in cost of much 
of the piping and auxiliary equipment. In order to 
reduce the floor area some of the modem designs re¬ 
sorted to the vertical compoundii3g of units as tjipified 
by the Jersey Central Power and light Company and 
the Pacific Gas, and El^lric Company wh^ a high 
pressure turbine and generator, are mounted on top of 
a low-pressure generator. By such means and by the 
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increase in the maodmum size of turbines from 50,000 
kw. in 1920 to 200,000 kw. at present, the floor area has 
been reduced from an average of 42 sq. ft. per installed 
kilowatt to less than half that area. 

Tsqjical of this trend are the Ford Company in which 
a 110,000-kw. unit is to be installed where one 12,500- 
kw. imit is being removed,* the Hell Gate Station of 
The United Electric Light and Power Company where 
two 160,000-kw. units have been installed in the space 
designed for two 35,000-kw. units and the Hudson 
Avenue Station of The Brooklyn Edison Company, Inc., 
where two 160,000-kw. units have been purchased for 
the space designed for two 50,000-kw. units. 

Along with the increase in size of turbines the weight 
per kilowatt including the generator has been reduced 
in the past ten years from about 28 lb. to 15 lb. 

The curves in Pigs. 1, 2, and 3 will give an indication 
of the trend toward lower costs with increased size of 
turbo generators and boilers per unit of capacity. 
Pigs. 1 and 2 represent respectively cost trends for 
turbo generator and boiler units designed for 450 lb. 
pressure and 776 deg, fahr. total temperature. Pig. 3 
is representative of a compound single-shaft turbo 
generator where the initial steam condition would be 
1,200 kw. and 776 deg. fahr. total temperature, with 
steam bled at 400 lb. and reheated to the initial tem¬ 
perature. 

Along a line totally different from the selection and 
arrangement of equipment, and also for the purpose of 
reducing the cost of power generation, has been the 
cooperative interconnections adopted in the last few 
years between steam-electric stations and industrial 
plants. The latter in some cases require large quanti¬ 
ties of steam under conditions that may or may not be 
suitable for the supply of power necessities; in other 
cases the industrial plants may have the disposal of 
byproduct fuel either solid or gaseous. It has been 
found advantageous to both parties in a variety of 
industries to arrange both electric and steam inter¬ 
connections whereby power and steam are generated 
in the most economical fashion, and the fullest benefit 
derived from diversity in power, steam, and b 3 q)roduct 
conditions. In many instances the electric plant 
supplies both steam and electricity, requiring certain 
modifications in the standard feed water system. 
Recent literature has described such arrangements at 
Deepwater, New Jersey, Rochester, New York, Toledo, 
Ohio, Baton Rouge, Louisiana, Mobile, Alabama, and 
Cedar Rapids, Iowa. 

Factors at Present Determining Maximum Size of Boilers 
and Turbines 

While large unit size turbo generators reduce the cost 
per installed kilowatt they sometimes represent a 
greater capital charge for reserve capacity, A check 
of available published information regarding peak 
loads and installed capacity in fourteen latge central 
station systems indicates the following reserve capacity 
in per cent of the total installed: 


Four s 3 rstems were between 30 and 36 per cent. 

Seven systems were between 20 and 30 per cent. 

One ssrstem was about 17 per cent. 

Two were less than 10 per cent. 

The same published information indicates that the 
two systems having the lanallest reserve capacity have 
a substantial percentage of purchased power, so that 
it is very probable that actual reserve capacity would 
be materially increased by available spare capacity 
through interconnection. In one of these systems, 
where the per cent of reserve capacity is the greatest, 
it is known that the generator capacity reported on 
was not all available at the time the tabulation was 
made, since the boiler capacity in one of the princii>al 
plants limited its capacity to a point considerably be¬ 
low the generator name plate ratings. The selection 
of the very large units in some of the recent develop¬ 
ments may have been due to a program of interconnec¬ 
tion or expansion which it was estimated would occur 
within a few years following the installation of the 
new machine. 

Allowance must be made for the loss of the largest 
unit during operation and also for the possibility of its 
being out for repairs. If, therefore, imits are purchased 
out of proportion to the size of ttie system there is 
likely to result an over-aH economic loss. Large units 
show better performance at comparatively heavy loads. 
Due to the system resave requirements it may be 
necessary to operate at a relatively light load where 
the economy is poorer. Even the smaller units operat¬ 
ing may be affected the same way from the fact of the 
larger units bring on the system. With large units 
the total amount of auxiliary power requirements for 
any given ss^stem output will also be increased at low 
system loads. With a large unit canying heavy load 
a greater system disturbance would result if the unit 
should suddenly trip out. Other things being equal 
the time required for starting a large imit is greater 
than for one of smaller size. 

Transportation difficulties for damaged parts, a 
longer time necessary for repairs, and larger floor area 
necessary for dismantling are some of the factors whidhi 
must be weighed against the lower unit investment and 
lower labor charges. 

Turbine manufacturers have indicated that up to 
200,000-kw. capacity in single shaft machines would be 
feasible. By compounding on multiple shafts the 
limits, of course, would be considerably higher. One 
of the limiting features in size would be in connection 
with the generator and here the use of double winding 
or raising the voltage will offer a partial solution of fhe 
electrical problems. 

The limitations to the building of large boilers are 
more structural than economic. Since at present larger 
capacity is concentrated in single turbines than in 
single boilers the problem of boiler reserve is of less 
importance. Also the expmence with pulverized fuel 
boilers having capacities in the neighborhood ’of 
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1,000,000 lb. of steam per hour indicates an availability 
factor during demand periods approaching 100 pw cent. 

Large boilers have an exceedingly flat efficiency curve 
and can be operated at relatively low loads at efficiencies 
equal to that obtainable from boilers of smaller dze. 
The parts involved in boiler construction are small and 
do not involve any transportation problems. 

R^bilitaMon of Existing Steam Plants 

Many studies are still being made by steam station 
designers to increase station capacity by means of 
improved thermal cycles using higher temperatures and 
pressiu^, blit not much actual revamping has taken 
place in the past year or so because of the falling off in 
power station demand and construction. Then again, 
while many studies of rehabilitation have been made, 
all recent improvements in steam station design have 
been quite broad in their application involving con¬ 
siderable major equipment. Generally speaking, where 
there has been a demand for increased capacity it has 
been for such large iuCTements that invariably more 
consideration is given to the building of new stations 
with units of large capacity than to some modification 
of existing generating facilities. 

Some steps looking to improved steaming have been 
taken, such as the installation of water-cooled walls 
frequently combined with pulverized fuel firing witii 
resultant greater output from the same boiler; also, the 
installation of air-heaters resulting in a reduction of 
stack losses. Recent studies made on binary cycles 
indicate that improvements in efficiency can be made 
in old plants employing old boilers. 

The important recent developments of interest to 
steam station designers both in the United States and 
abroad which will, no doubt, in the future have a great 
influence on rehabilitation, have been: 

a. The installation of a 10,000-kw. mercury turbine 
in the South Meadow Station, Hartford, Connecticut. 

b. The installation of high-pressure steam (750 Ib.- 
2,800 lb.) imits at Langerbrugge Power Station in 
Belgium. 

c. The construction of new peak load plants in 
Germany of low pressures. 

d. The construction of heat storage plants in 
Germany. 

Ratiier than follow these lines of securing an increase 
in capacity and improvements of economy by changes 
in old stations, the trend in American practise is, with 
a few exceptions, more along the lines of building new 
efficient high-pressure steam plants and utilizing inter- 
cormections to a greato* degree for permitting the 
operation of the new stations at high capacity factors 
on base load, and retaining the older less efficient 
stations for peak loads. With ample interconnections, 
addition of new capacity at old load centers is not often 
thought to be as economically advantageous, every¬ 
thing considered, as establishing new generating points 
where ample land, rail, and water facilities are available. 


Reduction in Operating Costs of Steam-Electric Plants 

The production of electricity from steam cential 
stations has developed so remarkably in the last decade 
that it seems fitting in this report to review the progress 
that has been made during this time. 

The average unit production cost has decreased 
about 50 per cent. The heat consumption per kilowatt 
hour has been reduced fix)m about 30,000 B. t. u. in 
1920 with a best record of 18,000, to an av^ge of 
18,500 B. t. u. in 1930 with the best record approxi¬ 
mating 12,500 B. t. u. This is for stations uring steam 
only. The mercury steam cycle installation at the 
South Meadow Station of the Hartford Electric Light 
and Power Company reports an average heat consump¬ 
tion of around 10,500 B. t. u. i)er kw-hr. 

The progressive increase in the aze of turbo generator 
and boiler units together witii the improvements that 
have resulted in the reduction of supervisory require¬ 
ments have brought about a constant decrease in labor 
costs. Great improvement has been made in control 
equipment with the consequent extension of the scope 
of supervision of individual operators. 

Boiler maintenance costs have been reduced by the 
use of cooled furnace walls and from the studies by 
engineers of the effect of operating conditions on main¬ 
tenance, with a consequent increase in availability 
of equipment. 

Allocation of the load to various stations of a system 
on a basis which gives a minimum combined cost for 
each momentary change in load demand and at the 
same time taking into consideration the effect of ioading 
on the maintenance of equipment, losses incidental to 
starting and labor costs, has brou^t about a great 
reduction in operating costs. 

For example, for any particular load demand on the 
system there is one combination of iinits and loads at 
the various stations which will give the lowest combined 
cost for the system. The determination of this equip¬ 
ment set-up is made by grouping various combinations 
of units at the different stations through the use of cost 
input-load output and incremental cost characteristics 
of the imits. 

These cost input-load output and incremental cost 
characteristics are computed from tests on the equip¬ 
ment and it is very important that these tests be 
obtained with a high degree of accuracy. An operating 
factor based on a knowledge of the performance of the 
unit under normal conditions of operation is applied 
in order to obtain the true normal operating character¬ 
istic of the unit. The amount of equipment and loca¬ 
tion of equipment operating at the various stations 
must in all cases conform to the standard system opera¬ 
tion reliability, which takes into consideration such 
factors as phyrical layout, storms, voltage regulation, 
and protection of the load. 

With the determination of the amount of equipment 
operating at the various stations any change in system 
demand will be made on the basis of the station incre^ 
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mental cost curves for the equipment operating to a 
point at which it becomes more economical to operate 
on another set-up. This method of loading for every 
momentary change in demand gives a miniTniiTn cost 
for all ranges of load, limits the number of units operat¬ 
ing to those required for economy and reliability, and 
results in a greater utilization of the more efficient units. 

In the case of one large power system during the last 
year the generating capacity of the system was increased 
about 2 per cent whereas the output delivered by the 
newer units was raised 13 per cent. As a matter of fact 
on that system during the year 1980 considerably more 
kilowatt hours were generated than in 1929 at a total 
production cost lower than that of 1929. 

Table I shows the actual operating results obtained 
from several different types of stations. The low heat 
rate obtained by Station A indicates the possibility of a 
greater adoption of the mercury steam turbine in the 
nearfuture. 


Transactions A. I. E. E. 

River Rouge plant starts operation this year of the 
very interesting steeple compound 110,000-kw. turbo 
generator. The initial steam condition is 1,200 lb. at 
750 deg. fahr. live steam reheaters will raise the 
temperature of exhaust steam from the high-pressure 
element to 560 deg. fahr. at 80 lb. absolute pressure 
before it enters the low pressure element. Of particular 
interest is the fact that this new machine is installed in 
space originally occupied by two 12,500-kw. turbines 
and sufficient space will remmn for the addition of a 
second 110,000-kw. imit of the same type at a later 
date. Two boilers, each having a maximum steam 
capacity of 700,000 lb. per hour, will serve this turbine. 

The Port Washington plant will have one boiler of 
690,000 lb. of steam per hr. to operate at 1,300 lb. pres¬ 
sure and initial and reheat steam temperatures of 825 
deg. fahr. 

In the realm of boilers for pressures above 1,400 lb. 
there has been no development except in that of size. 


TABLE I—BBOBNT OPERATING BBSULTS 


Station 

Pressure Ib./SQ* in. 

Temperature 
deg. fahr. 

Oyde 

Load factor 
per cent. 

Period 

Heat rate 

B. t. u./net kw-hr. 

A. 


.884. 





B.. 


.760. 

,...Beheat regenerative..... 

.72.9. 

...Oct. 1930. 



850 






O. 

. 600. 

.726. 

-Beheat regenerative. 

.65.5. 

...Dec. 1929. 


D. 


.760. 

... Beheat regenerative. 

.62.0. 

.. .Oct. 1930. 


B. 

. 600. 

.726. 

.. .Beheatregenerative. 

.71.6. 

...Oct. 1930. 


B*. 


.730. 

... Beheat regenerative 

.62.7. 



G. 


.726. 

... Begenerative., 

..54.8. 

• • • JlaOU» 

Anf. 1090 



250 






H. 

■-:—?- 



-Begenerative. 

.59.3. 

...Oct. 1930. 

.16,712 


Technical Developments in Steam-Eledric Plant Design 

The seven high-pressure stations described in the last 
report have been in operation long enough to confirm 
the results expected from them. Excepting continuing 
trouble with boiler feed pumps in some of the plants, 
no unsolved difficulties have been encountered. The 
more prominent additions to the list of high-pressure 
plants within the past two years have been the State 
Line plant near Chicago, the River Rouge plant of the 
Ford Motor Company in Detroit, and the Port Wash¬ 
ington plant of the Milwaukee Railway and light 
Company. 

State Line plant, described in previous reports, was 
placed in operation in 1929 with a single three-element 
turbo-generator unit of 208,000-kw. capacity. The 
initial steam conditions were 630-lb. pressure and 730 
deg. fahr. The extension to the plant now under con¬ 
struction includes two single shaft units of 150,000- and 
126,000-kw. capacity respectively. The steam con¬ 
ditions will be 1,200 lb. and 825 deg. fahr., using boilers 
fired with pulverized coal from unit type mills. An 
interesting feature in connection with the turbines will 
be the reheating of steam from the high-pressure cylin¬ 
der to 825 deg. fahr. at 400 lb. pressure, and its reintro- 
duction into the high-pressure cylinder for expansion to 
the cross-over pressure of 16 lb. absolute. Reheating 
will be done in boilers of the reheat t 3 ?pe, 


The Benson and Loeffler boilers are now being built in 
Europe in capacities above 100,000 lb. of steam per 
hour; three Loeffler boilers, each with a designed output 
of 150,000 lb. of steam per hour at 1,860-lb. pressure 
and 932 deg. fahr. have recently been ordered for a 
plant in Czechoslovakia. The Benson boiler in use at 
the Langerbrugge plant in Bel^um produces 220,000 
lb. of steam per hour at 2,270-lb. pressure. An experi¬ 
mental boiler to operate at 3,200 lb. pressure, being 
installed at Purdue University, will be the first at that 
pressure in America. Boilers for 1,800 lb. pressure to 
supply steam to two 6,400-hp. triple expansion enpnes 
are now in course of erection at the Philip Carey plant 
in Cincinnati. The design of European types of high- 
pressure boilers was reviewed in the 1929 report. 

There is some evidence that the average steam 
temperature in large power plants in this country has 
increased slightly during the past two years, and the 
maximum temperature in use is now considered to be 
approaching 800 deg. fahr. The Langerbrugge plant 
in Belgium has operated at a temperature of 850 deg. 
fahr., for 4J^ years and in general there is more of a 
tendency to use extremely high temperatures in Europe 
than in this country. In certain respects modern 
European boiler designs lend themselves to the genera¬ 
tion of high temperature steam, and the practise of 
multi-barrel turbines, common in Exuupe, is also 
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adaptable to its use. In the United States the Detroit 
Edison Company has recently put into operation a 
10,000-kw. turbo generator at its Delray No. 3 plant, 
designed to use steam at 1,000 deg. fahr. At the present 
time the turbine is operating on steam from the station 
main under 400 lb. pressure and at 760 deg. fahr. For 
high temperature operation the supply steam will be 
passed through a sepamtely fred superheater using oil 
for fuel. The steam main between the superheater and 
turbine is provided with several types of pipe joints, 
and' other arrangements have been made to note the 
effect of the high temperature upon the piping, turbine, 
and superheater, so that the installation constitutes in 
reality a full scale experimental investigation. 

During the past two years the mercury vapor boiler 
and 10,000-kw. turbine installation of the Hartford 
Electric light Company has been perfected to the point 
where it was available for 82.3 per cent of a period cover¬ 
ing 7,520 hours. Excluding causes arising from the use 
of mercury, the installation would have been available 
95.1 per cent of the time. The average thermal rate 
was 10,310 B. t. u. per net kw-hr. Of the total energy 
generated, 42.6 per cent was produced by tiie mercury 
turbo generator, and the remainder by the steam 
formed in the mercury condenser. 

As a result of the experience at Hartford, mercury 
vapor units of 20,000-kw. capacity each are being 
planned for the Kearney plant of the Public Service 
Corporation of New Jersey and for the power plant of 
the General Electric Company at Schenectady. The 
latter installation and an associated steam boiler will be 
one of the first outdoor steam plants. The mercury 
vapor pressure wdll be increased to 125 lb. per sq. in. 
in these new units, and it is expected that a thermal 
rate of 8,800 B. t. u. per net kw-hr. will be secured at a 
load of 20,000 kilowatts on the mercmy turbine and 
with the power developed from the 240,000 lb. of steam 
per hr. produced at 400 lb. pressure in the mercury 
condenser. 

Higher steam pressures and investigations of troubles 
resulting from caustic embrittlement have indicated 
the desirability of boiler drums without seams. Forged 
drums have been used exclusively for the l,460-lb. 
boilers, and lately hammer-welded drums for medium 
pressure boilers such as the fom* drum boilers in the 
James H. Reed Station of the Duquesne light Company 
in Pittsburgh, that operate at 400 lb. pressure. The 
possibilities of fusion welded boiler drums have been 
studied intensively in the past two years, and “Proposi^ 
Specifications for Fusion Wielding of Drums or Shells 
of Power Boilers" were published in the March 1931 
issue of Mechanical Engineering. The Boiler Con¬ 
struction Code does not at present permit fusion welding 
of parts where the safety of the structure is dependait 
upon tile strength of the weld. 

. While no boiler installations have been made of 
^rger capacity^ than those in the East River and H^ 
^te plants in New York that were described in the 
last report, operating experience at the East River plant 


has shown that loads can be carried on the boilms there 
considerably in excess of the expected capacity. A unit 
generation of 1,250,000 lb. of steam per hour has been 
maintained, the actual operating limit being met in tiie 
capacity of the steam piping leading from the boiler 
imit. A boiler of 1,000,000 lb. per hr. capacity was 
recently installed in the Kips Bay plant of the New 
York Steam Corporation on a floor area originally 
allotted in 1926 for a boiler of half the output. These 
large boilers are in reality twin-set boilers having two 
independait water circulating systems and steam up¬ 
take connections, located over a common furnace. 
The largest single boiler to date has a capacity of about 
600,000 lb. of steam per hour. 

The installation of boilers of large capacity has 
focused the attention of operating and designing engi¬ 
neers upon the problem of boiler availability. Al¬ 
though in most plants the number of boilers still exceeds 
the number of turbo generators, boiler outage in many 
cases impairs to some extent a plant’s generating 
capacity. Protection of the furnace walls with water 
cooling surface, improved reliability of the coal feeding 
and burning equipment, as well as of the ash handling 
apparatus, increased attention to the details of the 
auxiliary apparatus, and correct boiler water conditions, 
have resulted in numerous instances of boiler avail¬ 
ability equal to that of turbo generators. The first 
statistical study of this subject on a large scale was 
directed in 1929 and 1930 by Mr. C. F. Hirshfeld of this 
Committee, and was published in Transactiom, 
A. S. M. E., Vol. 52, No. 27, p. 265. The data compiled 
covered only a year and there vtcscQ several other reasons 
why the statistics were necessarily inconclusive, but 
they seemed to indicate that the details of design and 
construction and operating skill are more important in 
obtaining hi^ boiler availability than such matters 
as rate of output per unit of surface, type of fuel, and 
method of firing. The average availability factor 
appeared to be between 84 and 90 per cent. 

During the period being reviewed, the point of major 
technical interest in connection with tiie pulverized 
coal method of combustion has been the long-time 
comparisons in the same plant of tiie unit and bin sys¬ 
tems. No generally accepted opinion regarding thtir 
merits has been reached. Both systems were installed 
in the Deepwater plant. New Jersey, where it has been 
reported that the unit method of firing gave a higher 
efiiciency but a lower reliability. Othw comparative 
studies have been recently published for central stations 
in Chicago and St. Louis. 

Experimentation has continued with the slag tap 
type of furnace for pulverized coal Mng, and its use 
has been extended. The major diffici’''+^ hp.en the 
gradual expansion in a horizontal pk 
floor, with consequent bulging of t 
Thiaresults from penetration of the 
molten slag, throu^ cracks formed 
is cooled du^g boiler shutdowns. 

The tize and total futi burning ca 
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stokers continue to increase, and steam outputs per 
boiler of 600,000 lb. per hr. are now possible with 
stoker firing. There has been only a foot increase in 
tihe maximum width of stokers in the last ten years, 
but the length has been increased from about 13 ft. to 
26 ft. 7 in. The largest underfeed stoker in this country 
is now being installed in the Hudson Avenue plant of 
the Broold 3 m Edison Company, and will be 26 ft. 7 in. 
long by 26 ft. wide, with a grate area of 694 sq. ft. 
Stokers of tiiis size have been made posable by extensive 
cooling of tile furnace walls by water cooled surface, 
improved coal feeding and distributing mechanism, and 
better control of tiie air distribution to the several parts 
of the grate surface and ash pit. In come cases auto¬ 
matic control of the air distribution has been installed. 
Rotary ash dischargers are almost standard for the 
larger size of stokers. 

Although the fuel burning capacity of stokers per foot 
of width has been greatly increased, there has been no 
increase in the rate of combustion per square foot of 
total grate surface, which is limited by the posabiliiy 
of dinkering and the blowing of coal from the firebed. 
Neither has there been any modification of the fact that 
tile combustion rate depends upon the type or burning 
characteristics of the coal burned. Maximum rates of 
60 to 70 lb. pa* sq. ft. for 10 hour periods have been 
maintained with good quality eastern coals; 50 to 60 lb. 
with coals from the central field. Slack coal reduces the 
maximum rate to the neighborhood of 40 lb. per sq. ft. 
With all coals an increase in the combustion rate results 
in an increased loss from incomplete combustion, cin¬ 
ders, soot, ash pit, radiation and unaccoxmted for losses, 
in some reported tests these losses reaching a value of 
20 per cent. 

The limiting temperature for preheated air with 
underfeed stokers seems to be in the neighborhood of 
860 to 400 deg. fahr. Although some installations have 
attempted to use higher temperatures, it has been 
foimd that the stoker maintenance has been adversely 
affected. 

The installation of large turbo generators has con¬ 
tinued although no units have been projected larger 
than those mentioned in the last report. The largest 
machines now on order are two 160,000-kw. units for 
the Hudson Avenue plant of the Brooklyn Edison 
Company. It is noteworthy that all of the turbo 
generators except one, that are now on order in sizes 
greater than 100,000 kilowatts, are of the tandem com¬ 
pound type. The exception is the 110,000-kw. high- 
pressure vertical-compound machine for the Ford 
Motor Company. The development of generators of 
large capacity was an essential to the use of tandem- 
compound turbines. 

The record in capacity for single cylinder turbines 
operating at 1,800 rev. per min. is now carried by two 
80,000-kw. turbo generators in the Charles R. Huntley 
station of the Buffalo General Electric Company. 
Steam supply to these units is at 435 lb. and 760 deg. 
fahr. 


In the field of high-speed turbo generators, single 
cylinder condensing units are now in operation in the 
United States up to 10,000-kw. at 3,600 r. p. m., and 
tandem-compound units at the same speed 'up to 
15,000 kw. A 15,000-kw. single-cylinder condensing 
unit of English maniifacture has recently been installed 
in Canada and the C. A. Parsons & Company are willing 
to build single-cylinder units of 25,000-kw. capacity 
to operate at 8,600 r. p. m. 

Intendve study in turbine design is being made in 
connection with the use of higher steam temperatures. 
This problem as well as that of blade erosion is a matter 
of metallurgy, and the developments to date indicate 
that it will soon be possible to operate turbines at 
initial steam pressures above 600 lb. without the 
necessity of reheating. At the present time a 60,000- 
kw. xmit has been buUt to use steam at 650 lb. and 825 
deg. fahr., and illustrates the simplification and turbine 
arrangements that will be possible when higher steam 
temperatures are available. 

High-VoUage Generators 

There has been a significant demand for generator 
units of larger and larger capacities, and while this has 
possibly been the condition since the beginning of 
power station construction it appears to advance by 
periods with the most recent one occurring within the 
past five years. With an increase in generator capacity 
the designing engineers have been faced with tiie 
problem of providing suitable and reliable insulation, 
conductors, supports, and terminals both internal and 
external to the machines. Machines of larger capacity 
for a given voltage mean greater currents. Greater 
currents mean larger conductors, and consequently 
greater weights to support normally and greater stresses 
to provide for at times of short circuits. With the 
greater currents other external difiiculties also arise, 
such as the provision for the installation of lai^e cables 
if the power is taken away in imderground cables, tiie. 
reduced carrying capacity of the cables if many are 
required in restricted spaces, and the provisions neces¬ 
sary to nullify the effect of tiie sheatii voltages. Con- 
sequentiy tiiere has been a very natural trend to higher 
g^erator voltage and to multiple-winding Tua.<»hinAg to 
reduce the amount of current per conductor. 

Unless it is necessary to conada: generation at a 
pre-established voltage and the distribution problems 
comiected therewith, in other words, if generation 
alone, is to be considered, the most economical voltage 
usually increases slightly with the increase in the size 
of the unit. From the generator manufacturer’s 
standpoint, for generators of 100,000 kw. or more, 
voltages in the ntighborhood of 16,000 to 18,000 volts 
are reported to result in the most economical design. 
In some instances, economics dictate machines within 
this range of voltage with transformers for stepping up 
to the desired transmisaon voltage, so that, where the 
generator voltages are not well established, it might be 
said that for machines above 100,000 kw., the present 
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trend is toward the use of multiple-winding machines 
with transformers or auto-transformers, rather than to 
high^ voltage machines. The trend will no doubt 
continue toward multiple-winding machines until the 
point in capacity is reached when it will prove more 
economical to increase the voltage. 

Some attempts have been made to standardize on 
generator voltages above 13,800 volts, but since the 
introduction of successful multiple-winding machines, 
the study and demand for higher standard voltages 
has not been so insistent, and may be said to be dormant 
for the time being. In other words, the double-winding 
design has made it posable to increase the capacity 
without increaang the voltage, and to postpone the 
day wh^ it will be necessary to go to higher voltage. 
It is not at all unlikely that in the future, generators 
will be built with more than two windings. The 
principal difficulty with more than one winding, is in 
finding sufficient space at the terminals of the machine 
windings, to install potheads and make connections 
with satisfactory clearances. 

Within the past three years there have been installed 
in the territory adjacent to Chicago, and there are now 
in operation, seven 22,000-volt generators with a com¬ 
bined generating capacity of 474,000 kw., ranging in 
^e from 52,500 kw. to 105,000 kw. Additional 22,000- 
volt generators totaling 482,000 kw., and one 18,000 
volt, 115,000-kw. generator are on order for this 
territory, to be installed during the years 1931-1932. 

Outside of the above there have been but four 
steam-driven generators placed on order or installed 
recently in this country for voltage ratings above 
13,800 volts, namely: 

Two 160,000-kw., 16,600-volt units for the Brooklyn 
Edison Co., and 

Two 94,000-kw., 16,500-volt units for the Southern 
California Edison Company. 

Abroad, the outstanding recait high-voltage installa¬ 
tions which will be watched with conaderable interest 
are tibe two 33,000-volt, 25,000-kw., 3,000-r. p. m. gener¬ 
ators at Brimsdown, England, and the 36,000-volt, 
26,000-kw., 3,000-r. p. m. generator at Langerbrugge, 
Belgium. 

Switch Structures, Switching, a/nd Control 

The housing of major switching in both congested 
and open localities is recririing much study, particularly 
new installations, because of the advent of metal-clad 
switchgear. There has been a marked increase in and 
trend toward the use of metal-dad switchgear in place 
of indoor cell type and outdoor open type bus structures. 
Many himdred indoor a-nd outdoor type metal-dad 
combined switch and bus units of American design are 
now in service, some with air and some with oil-filled 
metal endosed bus compartments. 

The first installation in this country, and posdbly 
in the world, of high-voltage outdoor metal-dad switch- 
gear was the 33-kv. substation of the Public S^ce 
Company of Northern Illinois, at Wheaton, Illinois. 


This has been in service since March 1928. Since then 
the% have been many other installations which em¬ 
body improvements in dedgn and manufacture. This 
type of switchgear can now be obtained in practically 
all capadties for which circuit breakers have been 
devdoped, induding 132 kv. One 132-kv. installation 
is now bdng made. The earlier large units involved a 
condderable amount of fidd assembly. The latest 
designs permit complete factory assembly and testing 
of very large capacity units, such as a full double bus 
section for one circuit, complete with instrument trans¬ 
formers, buses, etc., for breakers of 22-kv., 3,000- 
amperes, 2,600,000-kva. interrupting capacity. These 
units are shipped completely assembled and oil filled 
thereby entailing a TninitmiTin of fidd assembly and 
installation work, and avoiding the necessity of ffirying 
out, reconditioning, etc., by purchaser. 

In the case of several generating stations it has been 
found that an outdoor oil-filled, metal-dad switchgear 
structure could be installed cheaper than an isolated or 
separated phase indoor cdl structure if the cost of the 
building is taken into, consideration; in some cases a 
saving as high as 20 per cent has been indicated. Other 
companies r^ort the reverse where installation condi¬ 
tions are different. One company has proved by actual 
cost data that for 33-kv. substations the total over-all 
cost of metal-dad outdoor switchgear erected and 
ready for service, compares favorably with that of the 
conventional open type formerly used. This lattw 
comparison, however, would not yet hold for all condi¬ 
tions and localities. 

Additional advantages to be gained from complete 
factory built equipment are the saving in space, the 
salvage value in case of replacement or rearrangement, 
and the much greater safeguards to operators and 
service. 

There is a growing demand for faster operation of 
circuit breakers in case of fault. The manuf^urera 
have made considerable progress toward meeting tins 
condition in the design of drcuit breaker operating 
^PATianifima and contacts and methods of extinguishing 
the arc as well as in the high-^ed rday designs. T^ts 
have shown repeated operations where the ardng time 
was as low as one to two cycles. Large breakers ^e 
now available with a conservative over-all time rating 
of eight qycles. In view of these developments it is 
quite possible a more severe duty cycle than tiie 2-OCO 
may be considered for the rating of oil drcuit 

The interest indicated in locating equipment out¬ 
doors is not confined entirely to switchgear. There are 
a few instances where large rotating units have been 
outdoors, and the subject is bdng given much 

study. 

There has been an inarease in the tendency toward 
the use of sted switchboard panels and the use of 
hinged pands or cubicals. The dedrability of smaller 
switchboards in the larger power stations and sub¬ 
stations is also recdving attention. VarioTis attempts 



1554 


POWER GENERATION 


Transactions A. I. E. E. 


have been made to use miniature equipment, and a 
smaller number, of items, and combination units of 
instruments and relays. At the same time there is a 
growing demand for more rdays and instruments for 
one purpose or another. The supervisory system of 
control seems to be arousing more and more interest as 
a means of condensing or consolidating the control of a 
large number of circuits within the convenient reach of 
a single operator. 

The so-called distance relays are becoming more 
popular. The automatic ssmchronizing, automatic 
frequency, and automatic load division control are 
receiving more attention. Although the first has been 
available for a number of years, the latter are more 
recent developments and it is quite possible that the 
demand for both may grow. 

If the predictions indicated in recent announcements 
with reference to vacuum tube developments, such as 
the “thyratron," may be anticipated, we are about to 
see some very wonderful and radical changes in the 
entire scheme of station control, switching, trans¬ 
formation, transmission and control station design in 
general. To what extent and how rapidly this may 
take place is at present problematical. The possi¬ 
bilities we must admit, however, are tremendous. 
Already there have been some novd commercial appli¬ 
cations and very promising laboratory tests extending 
over a considerable period. 

A new type of adjustable-speed control for a-c. motor 
drive is now available^ permitting practically a straight 
. line speed curve with infinitely small steps from zero 
to maximum. The drive can be installed at nearly the 
same cost as the drives previously used. The method 
of control permits high efficiency which in some cases 
shows a considerable saving over any other type of 
control. The drive will maintain constant speed 
regardless of load, is simple, permits the use of standard 
electaical design features, and to a considerable extent, 
standard machine parts. To date the sawice applica¬ 
tions have been confined to boiler draft fans and boiler 
feed pumps, but the drive is adaptable to many other 
services where fine speed adjustments, and simplicity 
of operation with high efiiciency, are important factors. 
Thirty-five of these equipments were ordered in 1930, 
some of which have now been in service for several 
months. For those who are not familiar with the 
“Rossman Drive” system it may be of interest to state 
it consists primarily of an induction motor of standard 
design, except that the mechanical construction is 
modified to permit what would be the stator to revolve. 
This revolving stator is coimected by texrope or other 
means, to a smaller standard d-c. machine fed from a 
standard motor-generator set or other d-c. source. 
The speed of the small d-c. machine is controlled by 
adjusting the voltage impressed on its armature by 
the generator of the motor-generator set. This may 
or may not be supplemented by field control. By 
varying the speed and direction of rotation of the d-c. 


machine, the load may be driven at any speed within 
the design range. 

Factors at Present Affecting Hydroeleetrie tHeodopn^tU 

The increasing attention directed to the large-scale 
hydro developments on the Colorado and St,! Lawrence 
rivers by governmental agencies is perhaps a new factor 
influencing the trend of hydroelectric installations. 
At the same time the federal waterpower licensing poli¬ 
cies are being questioned and subject to criticism by 
both private and political interests, and both have been 
coincident with severe drought dming the past two 
years in many parts of the country. The complemen¬ 
tary value of hydro and steam power sources on systems 
supplied mainly by hydro has been fully realized, and 
the principal hydroelectric systems on the Pacific Coast, 
in the southeastern states, in New England, and in the 
vicinity of Niagara Falls, have either put into operation 
during the last two years steam plants of large ultimate 
capacity or have affected large capacity ties with exist¬ 
ing steam plants in adjacent territory. The recent 
availability of low cost gas and oil fuels in the West, 
and the advances made in the thermal efficiency of 
large boilers and turbines, combined with their attrac¬ 
tive investment costs, are causing a pronounced pre¬ 
dominance there of steam-electric installations that will 
continue for an un]^own period. In the East and 
South the necessity of steam reserves for low-flow 
periods has accelerated steam expansion programs. At 
Niagara the entire water diversion permitted under the 
existing tr^ty is utilized and the load growth neces¬ 
sarily must be assumed by steam generation. 

Type of Steam Plaids on Hydroelectric Systems 

A marked similarity in certain design features is 
noticeable in all of the new steam plants supplementing 
power systems hitherto dependent upon hyA:u genera¬ 
tion. Gas and oil are the outstanding fuels in. the 
West, while in the East pulverized coal exclusively is 
fired. Boiler capacities range from 400,000 to 660,000 
lb. of steam per hr. at pressmes between 426 to 476 lb. 
per sq. in. with the exception of one plant on the Pacific 
Coast operating at 1,300 lb. per sq. in. Turbine capac¬ 
ities vary from 40,000 kw. up to 100,000 kw., and one 
to three boilers are installed per turbine, the usual 
nimber being two. The selection of pulverized coal 
firing appears to be made for reasons other than the 
emergency starting of boilers; and in fact extra facilities 
for standby operation of turbines and boilers are pro¬ 
vided in only one of the recent plants, which operates 
on a system where steam generation will be a mini-mnin 
yet service demands require continuous availability of 
the steam-electric generator. 

General Features of Recent Hydroelectric Development 

No hydroelectric plants of unusual total capacities 
have been put into operation during the past two years, 
although there have been one or two new records for 
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turbines of large physical dimensions, and the three 
49,000-hp. Francis units in the Waterville plant in 
North Carolina surpass in capacity all previous units of 
that type operating under high heads. An unusual 
construction procedure was adopted for the Chute-a- 
Caron plant on the Saguenay River in Canada. The 
preliminary drawings for the Boulder Dam plant on 
the Colorado Riv^ reveal no unusual features except 
the height of the dam and the contemplated power 
capacity. The Spier Falls plant on the Hudson River 
is an interesting example of rehabilitation and design 
investigation by means of model tests. In fact the 
lT'<»iv»aaiTig xise of model testing, and its application to 
the deagn of the propeller type turbine wheel, consti¬ 
tute the outstanding technical advance in this country 
in hydroelectric practise during the past two years. 

Propeller Turbine Development and Model Testing 

Notable installations of propeller turbines of the fixed 
and manually adjustable blade types were in operation 
or approaching completion in 1928, and one small 
capacity wheel of the automatically adjustable type, the 
TTg pinn turbine, was in the coxirse of erection. Since 
1928 there have been numerous installations in America 
of small capacity Kaplan tj^e propeller turbines, that 
have been designed and installed under European 
licenses. The Kaplan turbine was first developed in 
Europe where there are how some large capacity wheels 
in operation. It is essentially srdtable for low-head 
developments, being used for heads up to about 70 ft. 
European designs of the fixed blade and Kaplan tur¬ 
bines have been based upon extensive model testing of 
the turbine wheels as well as of the associated inlet 
casings and draft tubes. 

One of the principal objects of testing models of 
propeller type wheels has been to detamine the limit¬ 
ing conditions of cavitation, for which adjustable draft 
head conditions are required in the test laboratory. 
Cavitation, or the formation of bubbles of vapor and 
air in low-pressure areas adjacent to the runner surfaces, 
causes a drop of wheel efficiency, but its most promi¬ 
nent effect is the rapid disintegration of the runner 
material. Cavitation pitting had been encountered in 
tliia country with Francis type wheels under certain 
conditions of specific speed and draft head, and an 
amount of field experience has been accumulated by 
which proper operating conditions can be selected for 
Francis wheel installations. One of the chief advan¬ 
tages of the propeller turbine is the higher specific speed 
that is possible, but as field data were lacMng for such 
operation, it was considered essential in Europe to 
determine the optimum installation conditions in ad¬ 
vance of construction by means of cavitation testing. 
Following such investigations proi)ellCT turbines of 
record dimensions, horsepower, and water discharge 
capacity have recently been installed in the Ryborg- 
Schworstadt and Kembs plants on the Rhine River in 
Europe. Pertinent data about these plants are as 
follows: 


Plant.-. 

. Ryborg-Schworstadt 

Kembs 

Type of runner... 

..._Kaplan.'.. 

, Fixed blade 
propeller 

Number of units. 

. 4. 

5 

Head in feet—.. 

. 35. 

64 

Turbine rating-horsepower.. 

.35,000. 

. .36,000 

Water disoharge-cu. ft. per sec.10,500. 

.. 6,800 

Rev. per min... 

. 75. 

94 

Runner diameter-inches— 

. 276. 

... 220.8 


Cavitation laboratories have been built during the 
past year, one or two in the United States and one in 
Canada, for the investigation of desigri problems con¬ 
cerning propeller t 3 rpe wheels. The construction of a 
national Federal hydraulic laboratory has also been 
recently authorized; niodel testing has been done 
extenavely at one of the technical colleges in the 
United States for the design of dam spillways, water 
courses, and turbine settings, and two or three othw 
colleges and individual companies have done a certain 
amount of such investigation. The first large plant 
in this country to install automatically adjustable 
blade propeller turbines is now being bxiilt at Safe 
Harbor on the Susquehanna River in accordance with 
data obtained from cavitation and wheel setting tests. 
Six turbines having a rating of 42,500 hp. each at a gross 
head of 66 ft. are being installed initially. The wheels 
will have a diameter of 220 in., a water discharge of 
8,000 cu. ft. per sec. at rated head and output, and will 
operate at 109.1 rev. per min. 

Briefly described the Kaplan turbine consists of a 
propeller, or axial flow turbine, whose blade angle is 
controlled by the speed responsive governor that con¬ 
trols the turbine wicket gates. Separate servo-motors 
are provided for operating the blades and gat®, and a 
ostm is used in the governing mechanism to direct the 
movement of the gunner blades according to the move¬ 
ment or position of the wicket gates. The servo-motor 
for operating the nmner blad® forms part of the 
, turbine shaft, and is usually located just under the 
generator coupling. The links and crank arms for 
moving the blades are enclosed in the runner hub. 

By automatically maintaining the correct rdation ol 
blade poation to gate opening, the peak efficient® ol 
a serf® of propell® wheels each having the proper 
blade angle for a particular turbine load, are s®ured, 
with the r®ult that the effidency-horsepow® curve of 
such a turbine is quite flat compared to similar curves 
for fixed blade propdler and Francis turbin®, the 
efficiency at low loads being materially higher. An¬ 
other feature of the Kaplan turbine is the overload 
capacity posable by adjustment of the blad®, which 
is of particular value in tim® of reduced head during 
high river stages. It is expected that the dficiency of 
the Safe Harbor turbin® will exceed 85 per cent ov® 
two-thirds of the load range, and to equal 90 p® cent 
or bett® for the third quart® of the uiiit capacity. 

RekalnUtation of Hydro Developments 

The 67,000-hp. unit rec^tly added to the Spi® 
Falls plant on the Hudson Riv®, New York, exemplifi® 
two distinct tendenci® in hydrbelwtric practise, Ulus- 
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trating in addition to the use of model testing as a 
deagn adjunct, the recognition of the value of an over¬ 
developed plant for supplying peak-load capacity and 
the benefit derived from a storage resource by a run-of- 
river development. At full load the wheel discharge 
is 7,000 cu. ft. per sec., making it the largest Frands- 
type runner to date in this respect as well as in phyaeal 
dimensions. The minimum regulated flow of the 
Hudson River at Spier Falls is 3,000 see.-ft., and 6,000 
sec.-ft. for 60 per cent of the time. Both the turbine 
and generator approach record sizes m physical dimen¬ 
sions, the total wd^t of the rotating dement being 
about 450 tons. The generator stator is 87 ft. in 
diameter, and the diameter of tilie scroll-case entrance 
of the turbine is 26 ft. The unit operates at a speed 
of 81.8 rev. per min. under a head of 81 ft. Tests of a 
model of the forebay and intake structures enabled 
the best forebay outline to be determined with regard to 
amount of necessary excavation balanced against the 
head loss in forebay and intakes. The tests revealed 
that the area of the intake gates could be economically 
reduced 20 per cent, and this was of special value be¬ 
cause the water passages are so large that they gave 
rise to structural dedgn difficulties. It is reported that 
tihe tests resulted in a saving equal to ten limes the 
cost of the tests. 

High Head Plants 

The Waterville plant of the Carolina Power and 
Light Company on the Pigeon River in North Carolina 
has an uniu^ally high operating head, 840 to 750 ft., 
for a hydro plant in the eastern part of this country. 
There are three 49,000-hp. reaction wheels in the plant, 
operating at 400 rev. per min. and these are of record 
note for their capadty at such a head. The six-mile 
tunnd from the reservoir <a*eated by tlie dam to the 
power house is unprecedented even in the notable high 
head installations on the Pacific Coast. The use of 
cast steel butterfly valves of 9 ft. diameter under a 
total head of 840 ft. located in the pmistocks near the 
power house, has been reported quite successful, and 
is an advance in the size of such valves under high 
pressure. Johnson valves are also provided in the 
penstocks where they enter the plant. 

The record for large capacity high head Prands 
wheds will shortly be establidied in the Diablo plant 
of tihe City of Seattle, where two turbines of 90,700-hp. 
capacity each, to operate under a head of 827 ft. are 
being installed. The turbines will have cast sted 
scroll cases and concrete dbow draft tubes. 

The record head, however, for Frauds wheels occurs 
in a Bhiropean plant, the Bringhausen plant in Gmnany, 
where four 40,500-hp. horizontal-shaft Frauds turbines 
are bang installed to operate under a head of from 950 
to 1,000 ft. This is a pumped storage devdopment 
mentioned later. 

Large Seaie Hydro Deoelojments 

The Beauharnois devdopment on the St. Lawraice 
River in Canada is notable for the ultimate capadty 


being planned when the entire flow of the river passes 
to the power house through the combined navigation 
and power canal connecting two of the lakes on the 
flow line of the river. The initial section of theiplant 
will contain ten 60,000-hp. units, to operate under a 
head of 83 ft. The final capacity will be 2,000,000 
horsepower. The construction of the canal between 
lakes St. Frauds and St. Louis, which will be 15 miles 
in length with a width of 3,000 ft. and a depth of 27 ft. 
is outstanding because of its magnitude rathm* than 
any en^eering difficulties. 

Another plant that illustrates the scale of develop¬ 
ment possible on some of the rivers in Canada is the 
Chute-a-Caron plant on the Saguenay Rivm* where 
four 65,000-hp. units have been installed as the initial 
step of the future Shipshaw plant of 1,000,000 horse¬ 
power. The Chute-a-Caron dam vrill serve to divert 
the river for later construction of the Shipshaw plant, 
but because the head at Chute-a-Caron is only 151 ft. 
as contrasted to that of 205 ft. at the parallel site, the 
Chute-a-Caron plant will be operated in the future 
only during river flows suffident to supply both plants. 
The difficulty of construction in the gorge of the 
Saguenay River is thus being solved by the step-by- 
step development at the two neighboring plant loca¬ 
tions. The river was diverted in a rmique manner for 
the construction of the Chute-a-Caron dam by toppling 
a concrete cofferdam 92 ft. long into the swiftly flowing 
current, which caused the flow to pass into an artificial 
charmel previously prepared. The action of the con¬ 
crete monolith wdghing 11,500 tons was accurately 
predicted by means of model tests. 

Storage Developments 

The largest hydroelectric plant in New England has 
been recently completed at Fifteen Mile Falls on the 
upper reaches of the Connecticut Riv^, in conjunction 
with the first 220-kv. transmission line in New England. 
The plant is designed for four 53,000-hp. units at i75-ft. 
head, and is the first development at two nearby dtes 
which will eventually have a total combined rating of 
800,000 horsepowCT. The completion of the second 
plant will create a reservoir for regulating the river 
flow not only for the plants at Fifteen Mile Falls, but 
also for the plants at Bellows Falls and Vernon, farther 
down the river. The 220-kv. line carries the output of 
the plant to a distributingpointin the vicinity of Boston. 

The Osage plant at Bagnell, Missouri, now approach¬ 
ing completion, will contain six 33,500-hp. units oper¬ 
ating under an average head of 90 ft. Without storage 
this plant would not be feasible tince the river flow 
varies from 324 to 110,000 cu.ft. per sec. with an 
average of 10,500 sec-ft. The dam ^1 create a reser¬ 
voir 95 sq. mi. in area having an impounded volume 
of 87 billion cu. ft., so that the flow of the river will be 
completely equalized with a draw-down of 30 feet. 
The average yearly energy available will be about 
400 million kw-hr. The Osage plant is also a ^te 
example of the omission of a superstructure over the 
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generator bay, the station crane having one gantry 
leg while the other end of the crane rests on top of the 
outer wall of the electrical bay which is placed over the 
penstoeks between the dam bulkhead and the generator 
bay. Low metal housings are provided over the tops 
of the generators. 

The Saluda storage development in South Carolina, 
described in the last report, was placed in operation 
last year and is notable for its reservoir capacity of 
102 billion cu. ft. 

Outdoor Type Plants 

The omission of the generator room superstructure 
continues both for small plants of a single unit and for 
plants of large installed capacity. Generator designers 
are predicting that the flexibility of design now possible 
with fabricated construction, and the latitude permis¬ 
sible in the layout of auxiliary power and excitation 
systems, will lead to the arrangement of generators to 
conform to the design of the power house, and that the 
logical outcome may be the wider of outdoor 
generator designs. 

Pumped Storage Plants 

No installations of pumped storage plants in America 
have followed the completion of the Rocky River plant 
in Connecticut, although the use of pumped storage 
continues popular in Europe where electric system peaks 
are of shorter duration than in this country. One 
illustration is the Biinghausen plant on the Weser 
River in Germany, now under construction, which will 
contain four combination pump and waterwheel units, 
each consisting of a 40,500-hp. Francis type horizontal 
turbine coupled directly to a 86,000-kva. generator, on 
the other side of which is a clutch for coupling to a 
100,000-gal. per min. pump requiring 29,000 hp. for 
pumping. The plant is connected to an upper reservoir 
at an elevation 1,000 ft. hi^er by two penstocks 
3,260 ft. in length. The water to be pumped to the 
reservoir amounts to 26,800,000 cu.ft., from which 
500,000 kw-hr. will be generated. Power for pumping 
during off-peak hours is obtained from interconnected 
steam plants and other hydro plants on the system. 

The horizontal coupling of a pump and a turbine 
with a generator and/or motor seems to be the pre¬ 
ferred arrangement for pumping plants in Europe, and 
is in contrast to the Rocky River plant layout of pump¬ 
ing units with individual drive motors separate from 
the main turbine and generator, all of the equipment 
being of vertical type. The Rocky River pumps which 
are the largest high-head pumps in this countay, have 
a volute discharge casing without diffusion vanes, and 
are of the single inlet type. On test the Rocky River 
pumps showed a maximxun efficiency of 91.7 per cent; 
the efficiency expected by the designers of the German 
pumps is approximately 80 per cent. 

Hydrodeetric Generator Deoehpnmds 

There has been a widespread adoption dunng the 
past two years of fabricated steel plate construction of 


both stator and rotor of vertical waterwheel generators, 
in place of the use of castings formerly standard. Such 
generator construction of welded steel plate is lighter 
in weight, is considered to be miore reliable mechanically, 
and is more adaptable to design arrangements. There 
has been an increased use of the umbrella, or overhung 
type of generator rotor, in which by means of down¬ 
wardly curved rotor arms the centerline of the rotor 
rim or pole faces is brought below the horizontal center- 
line of the hub. By locating a combined guide and 
thrust bearing, sometimes of the spherical type, just 
below the rotor hub, a very material reduction in 
over-all generator hei^t is secured. The use of rolled 
steel plates and fabricated construction for the stator 
has also facilitated the arrangement of ventilating 
ductwork in connection with the water tube air coolers 
that are now used very largely for generator cooling. 
Other advantages of fabricated plate construction are 
quicker manufacture and possibility of design for 
shipment without restriction by permissible weights or 
clearances. 
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Power Transmission and Distribution 

ANNUAL REPORT OF COMMITTEE ON POWER TRANSMISSION 

AND DISTRIBUTION* 


T he Committee has continued with its work during 
the past year through a number of subcommittees 
organized as in preceding years. All of these sub¬ 
committees have been very active in studying the 
problems in their respective fields, and in promoting 
investigation work and the preparation of papers for 
presentation before the Institute. The reports of the 
work of the several subcommittees follow. 


Subcommittee on Distribution 


One of the most interesting developments in connec¬ 
tion with the distribution of electrical energy during 
the past year has been the practical application of the 
network principle to primary distribution. The econ¬ 
omies and improvements to service which are made 
possible through the adoption of the low-voltage net¬ 
work have been so clearly demonstrated by the gener¬ 
ally satisfactory performance of the many recent 
installations, that a wider application of the principle is 
not surprising. 

At the present time there is being installed a 4-kv. 
primary network in Pittsburgh, Pa. This will serve a 
residential district of comparatively low-load density 
which was previously served by an overhead radial 
system. 

The application of the network principle to 4-kv. 
service for such an area requires certain radical de¬ 
partures from the designs, which have become fairly 
well established for distribution. Since underground 
construction in the areas of low-load density is not 
usually justifiable from an economic viewpoint, over¬ 
head construction must be used. The primary network 
deserves careful consideration from the standpoint of 
economy, reliability, and system planning in bandliTig 
loads in areas not readily adaptable to low-voltage 
network distribution. 

The past year has seen a continued application of 
vertical network distribution in large office buildings. 
This type of distribution has been used in a number of 
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large cities including New York, Pittsburgh, and San 
Francisco. At the present time several features of 
design have not been settled. These features are being 
given consideration and it is expected that with the 
extended application of the vertical network principle 
a better understanding of them will result. 

The question of secondary faults on low-voltage a-c. 
networks is still being discussed at length. There is a 
feeling among some engineers that the problem is not 
radically different from that encountered on the d-c. 
network. Others feel that short-circuit currents avail¬ 
able are generally less and the condition is therefore 
more difficult. The use of buried cable has also been 
studied and tests made which will be reported in the 
near future. 

Subcommittee on Lightning and Insulators 


The activities in the field of lightning investigation 
during the past year have been carried on by means of: 

1. Field investigation of natural lightning. 

2. Field investigation with artificial lig h tning . 

3. Collection of operating data on lightning per¬ 
formance of lines. 

4. Theoretical analysis and coordination with the 
past lightning data. 

In the field investigations, use was made of cathode- 
ray oscillographs, klydonographs (and sui^e recorders), 
surge indicators, lightning intensity recorders, direct- 
stroke recorders, and artificial lightning generators. 
This year the field investigation was extended to include 
a wood-pole line on which was recorded lightning volt¬ 
ages in the order of 5,000,000 volts. 

By concentrated efforts in the field with the arti¬ 
ficial lightning generator, a vast amount of knowledge 
has been gained on the effect of tower footing groimd 
resistance, counterpoises, effect of normal voltage in 
sustaining a power arc in the presence of lightning 
flashoirer of a line, and partictilarly on the operation of 
the lightning arrester. 

The behavior of traveling waves at the junction of 
cables with overhead lines was further studied by the 
use of the artificial lightning generator with particular 
attention to the application of lightning arresters. 

Extensive use was made of the lightning (direct) 
stroke recorder and our knowledge in regard to the 
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current in direct strokes amplified, and made more 
definite. 

The cathode-ray oscillograph application was modi¬ 
fied to trace the history of a natural lig h tning wave 
over a period of some 2,000 microseconds, in addition 
to recording the initial characteristics of the waves. 

Surge indicators were used for the first time, although 
mentioned in last year’s report. These definitely es¬ 
tablished the fact that a lightning flashover of a trans¬ 
mission line can take place without sufdcient follow-up 
current flowing to trip out the line. 

The past year has brought out some intensive study 
of a theoretical nature on the lightning problem dealing 
with the mechanism of the lightning stroke and the 
subsequent surges which may appear on a transmission 
line. Both the direct stroke and induced stroke have 
been anal 3 rzed and the conclusion pointed out that only 
direct strokes appear to have consequential effect on 
the highly insulated lines, while medium and lower 
insulated lines will be affected in an increasing order 
by induced strokes. 

Results of Last Year’s Work 

It is impossible here to point out in detail all the 
results of last year’s investigation. There are, however, 
some outstanding accomplishments, among which the 
following are cited. 

1. The effectiveness of ground wires in reducing 
lightning voltages and line outages has been further 
demonstrated. 

2. The value of low tower footing resistance in 
lessening the effects of lightning voltages has been 
shown. 

3. Currents in the lightning stroke in the order of 
from 50,000 amperes and upwards have been indicated. 

4. Counterpoises at a tower footing, even although 
of comparatively short length are beneficial in reducing 
the lightning voltage to which a line may be subjected. 

5. Lightning sparkover of a line can take place 
without power follow current. 

6. Lightning voltages of both direct and induced 
stroke origin appear to be present on transmission lines. 
It is not known in what normal insulation and voltage 
range the induced voltage ceases to be a factor in line 
flashover. 

Insulation Coordination 

In order to coordinate insulation on a lightning basis, 
its lightning characteristics must be known. Whether 
these are secured on a single impulse wave or voltage 
time lag basis, a standard test method must be agreed 
upon by all who supply this tsrpe of data. The Com¬ 
mittee has this matter well in hand at the present time, 
with the probability that an agreement will soon be 
reached by aU actively engaged in this work whereby 
a group of two or more preferred waves will be used for 
securing this t 3 ?pe of data. 


Insulator Flashover Values. 

It has been known for some time past that discrepan¬ 
cies have existed in 60-cycle flashover values assigned 
to insulators of practically the same physical dimen¬ 
sions. The cause for these different flashover values 
has been traced to a variation in humidity conditions 
at the time and place of test. A great deal of experi¬ 
mental work has been done on this problem, and it is 
expected the information obtained will soon be made 
public through a group of paiiers before the Institute. 

Subcommittee on Interconnection and Stability 
Factors 

In order to coordinate the work of the Power Genera¬ 
tion Committee, the Protective Devices Committee 
and the Power Transmission and Distribution Com¬ 
mittee in the field of interconnection and s 3 rstem stabil¬ 
ity, there has been formed a Joint Interconnection 
Subcommittee. This Subcommittee was organized 
during the year and has arranged several sessions of 
interest in the field of transmission and distribution. 
These include the session on System Grounding at the 
Pittsburgh Meeting in March 1931 and the session on 
System Interconnection for the Summer Convention of 
1931. In addition, plans are tmder way for a s 3 nnposium 
at the Winter Convention of 1932 on the subject of 
Machine Characteristics and System Stability. In 
last year’s report mention was made of the organization 
of a Subject Committee on Definitions of Terms Used 
in Stability Investigations. The work of this Subject 
Committee is now substantially complete and it is 
planned to present it as a paper at the Winter Con¬ 
vention in 1932. 

SUBCOMMITTEB ON CABLE DEVELOPMENTS 

This year has witnessed the continued practically 
universal use of shielded cable (type H) for all three- 
conductor high-voltage cables. Other tendencies are 
the increased use of oil-fiUed cables, the use of super- 
calendered paper, a great increase in the use of non- 
metallic armored cables for direct burial in the groimd 
for low-voltage work, and the use of steel-wire armored, 
non-leaded cables for subniarine service and for vertical 
distribution cables in high buildings. 

The Following Cable InstaUaiions May Be Noted: 

1. A second drcuit, 175,000 kva. (winter rating), 
of single-conductor 132-kv. oil-filled cable about 6 
miles long by Commonwealth Edison Co. in the same 
conduit bank as th^ first circuit. The new circuit 
has 1,100,000 cir. mils conductors as compared with 
the 600,000 cir. mils previously used. The larger 
conductor size is made commercially feasible by insu¬ 
lating sleeves and grounding devices to eliminate 
sheath losses. Due to the many improvements in 
accessories and technique, the net result was that the 
investinent cost per kva. of capacity is less than one- 
half the cost of the fir^ line. 
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2. Two lines of angle-conductor 600,000-cir. mil 
132-kv. cables each three-quarters of a mile long 
installed by the Commonwealth Edison Co. one 
(90,000 kva. rating) similar to the cable of paragraph 1 
above, and the otW (95,000 kva. rating) with novel 
features of oil channels cut in the interior of the lead 
sheath as well as an oil channel in the conductor, a 
simple and small stop-joint, making it possible to have 
every joint a stop-joint, which joint is practically a 
factory-made and factory-tested joint. 

3. The Deepwater installation of the United Gas 
Improvement Co. across the Delaware River consisting 
of two 60,000-kva. circuits (and two spare cables) of 
single-conductor 760,000-cir. mil 76-kv. solid type 
cable manufactured and installed in single lengths each 
about 4,000 ft. long. These are the first 75-kv. sub¬ 
marine cables and longest lengths of power cable ever 
manufactured. 

4. Two drcuits rated at 56,000 kva. each of single¬ 
conductor 750,000-cir. mil 75-kv. solid t 3 npe submarine 
cable of the Union Electric light and Power Co. of 
St. Iiouis across the Mississippi. The cables were made 
and installed in single lengths of about 2,800 ft. each. 

6. An installation of five three-conductor 48,000- 
kva. 66-kv. oil-filled cables by the Union Gas and 
Electric Co. of Cincinnati. This is the first three- 
conductor 66-kv. oil-filled cable, and is buried direct 
in the ground.. The conductor size is 500,000 cir. mils 
sector, insulated with 0.40 in. impregnated paper and 
shielded. The cables are made in sin^e lengths 1,300 
ft. long, thus avoiding joints, and are steel-tape armored 
cables buried directly in the ground. 

6. Three commercial installations have been made 
during the year of three-conductor 33-kv. to 35-kv. 
oil-filled cable, although the amotmts were rather 
limited. These installations were made by the city of 
Los Angeles, the Staten Island Edison Co., and the 
S37racuse^ Lighting Co. All three installations were 
made with three-conductor lype H cable with oil 
channels in the filler spac^. A novel feature was the 
three-conductor positive stop-joint by the dty of Los 
Angeles, and also the fact that a large installation of 
cable with oil channels in the filler spaces including a 
more viscous oil was installed by this company, who 
after installation replaced the oil in the rrhanriftlp by 
oil of the type used in oil-filled cables. 

7. An experimental installation of dngle-conductor 
132-kv, oil-filled cable by the Commonwealth Edison 
Co. of Chicago in cooperation with two manufacturers, 
each of whom supplied 1,000 ft. of 450,000-dr. mil or 
600,000-dr. mil cable insulated with 0.40 in. paper 
and 1,000 ft. with 0.60 in. paper. The purpose of this 
experiment is to study the limiting stresses and tem¬ 
peratures in oil-filled cable for present and future 
voltages. 

8. An experimental installation of single-conductor 
132-kv. cable by the Public Service Electric and Gas 
Co. as a continuation of thdr 1927 esperiment studying 
the possibility of “solid type” insulation for 132-kv. 


service. The installation consists of three cables each 
of 500,000 cir. mils and 1,000 ft. long, two supplied 
by one manufacturer and one by another. Each 
manufacturer supplied a length of solid-t 3 rpe cable; 
The third cable is of an intermediate or hybrid type, 
using oil intermediate in viscosity between that of an 
oil-filled cable and of the usual t 3 q)e of cable, thus 
greatly facilitating installation methods while sharing 
in part the operating advantages of an oil-filled cable. 

The Subcommittee on Conduit and Manhole Tem¬ 
perature of the N. E. L. A. Underground Systems Com¬ 
mittee has standardized on conditions and constants for 
calculating current-canying capacity. This standardi¬ 
zation has niadf^ it possible to calculate current-carry¬ 
ing capacities of cables covering a lai^e range of sizes 
and conditions. These tables of carrsting capacities 
will be published by the Underground Systems Com¬ 
mittee, and should prove of great value to the industry. 

Subcommittee on Steel Transmission Towers 
AND Conductors ' ' ' 

The Subcommittee on Steel Transmission Towers 
and Conductors was organized to assist in the standard¬ 
ization of steel transmission towers and conductors by 
clarifsting the problems associated with their design and 
application, by papers prepared by recognized authori¬ 
ties on these subjects and presented before the Institute. 

The work of the Subcommittee has been divided into 
three groups, each of which is responsible for one of 
the following subjects: 

I— ^Towers. 

II— Clearances and Electrical Characteristics, 

III— Conductors. 

During the past year, four meetings of the Sub¬ 
committee have been held, together with some addi¬ 
tional meetings of groups within the Subcommittee. 

An addition to the clause of the N. E. L. A. specifica¬ 
tions on uplift of tower foundations and a recommenda¬ 
tion for a straight line compression formula for the 
N. E. L. A. specifications is in course of preparation. 
Consideration is being given to elimination of the term 
“factor of safety” by substituting therefore “per cent 
overload.” Contadt is being maintained with the 
A. S. T, M. on its investigation of embrittlement of hot 
dipped, galvanized steel. 

It is proposed to recommend that the 60-cycle fiash- 
over be the basis for clearance of the tower under 
winter or heavy loading conditions and that lightning 
flashover be the limit for summer or light loading con¬ 
ditions. The width of the right-of-way is to be limited 
by similar conditions. 

Intensive study is being given to the vibration of 
conductors. Efforts are being directed principally to 
the coordination of experimental work being done by 
widely separated investigators, including California, 
Texas, Illinois, Michigan, Ontario, England, and 
Australia. A bibliography is being established as an 
adjunct to this work. 

The present membership of this committee, including 
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the chaiman, is now twenty, with five men in Group I, 
six men in Group II and eight men in Group III. 

It is felt that the work of this subcommittee is now 
progressing smoothly and during the next year, con¬ 
crete results can be shown as the result of its activities. 

Conclusion 

For the sake of brevity, this year's report excludes the 


bibliographies of papers which appeared in last year's 
report. It is planned to include such bibliographies in 
the Annual Report at appropriate intervals, rather 
than every year. 

In conclusion, it is desired to stress the conscientious 
and enthusiastic work of the chairmen and members 
of the subcommittees to whose liberal contributions of 
time the progress made is due. 


Transportation 

ANNUAL REPORT OF THE COMMITTEE ON TRANSPORTATION* 


Y our committee on Transportation submits a 
brief review of the recent developments of im¬ 
portance in the application of electricity to 
transportation. 


Steam Railroad Electeifioa'iton 
Pennsylvania Railroad 

The Pennsylvania Railroad has been actively con¬ 
tinuing its electrification program. On June 29, 1930 
electric operation was inaugurated between Philadelphia 
and Trenton, N. J., a distance of about thirty miles. 
On July 20th, electric operation was started between 
Philadelphia and Norristown, Pa., on the Schuylkill 
Division, seventeen miles. Fifty-nine multiple unit 
cars have been recently acquired. This installation 
completes the suburban electrification about Phila¬ 
delphia. Distribution of power is at 11,000 volts, 
25-cycle, single-phase. The equipment for suburban 
service is at present all motor cars, with multiple unit 
control. 

The new subxmban terminal at Broad Street was 
opened on September 28th. This is of necessity, 
entirely electrically operated, for the tracks are, like 
those of the passenger terminal at New York, under 
cover. The new suburban station at Thirtieth Street 
on the west bank of the Schuylkill River was also 
placed in service at this time. This will ultimately 
be an integral part of the Pennsylvania Terminal at 
West Philadelphia now under construction. 

The Pennsylvania Railroad now has in electrified 
operation about Philadelphia, 182 miles of route and 
437 miles of track; 345 multiple unit cars are in service. 

Work is actively progressing in the New York 
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Terminal zone preparatory to changing from the 
600-volt third rail to 11,000-volt, single-phase trolley 
wire between Sunnyside Yard and Manhattan Transfer. 
This installation, which will among other things allow 
New Haven locomotives to enter the Manhattan Ter¬ 
minal, should be completed during the present year. 

Construction is progressing between New Brunswick 
and Manhattan Transfer and will shortly be started 
between New Brunswick and Trenton, and between 
Wilmington and Washington. 

Four types of locomotives are being developed for 
the complete electrification. Two passenger types, 
one freight and one yard switching. The light pas¬ 
senger type (designated as 0-1) is of 2-B-2 arrange¬ 
ment, and two of these units will be used on the heavy 
passenger trains. The heavy passenger type (P-5) is 
of the 2-C-2 arrangement. The freight type (Li-6) 
is of the 1-D-l arrangement. The passenger locomo¬ 
tives will use twin motors rated at 500 hp. per armature, 
or 1,000 hp. per ade. The freight locomotive will be 
equipped with four motors of single armature type, and 
will thus have a rated capacity of about 2,000 hp. 

Long Island Railroad 

The multiple tmit suburban service of the Long 
Island portion of the Pennsylvania Railroad, operated 
by third rail distribution, is rapidly growing. Eighty- 
five mxiltiple unit cars now being added to the equip¬ 
ment, bring the total number of ears to 825. To pro¬ 
vide power for the increasing load, the Floral Park, sub¬ 
station is being remodeled and will be equipped with 
two rectifiers of 8,000-kw. capacity. Four new sub- 
stetions—^Hempstead, Manhasset, Rockaway Park, and 
Coose Creek—^are being built, in addition to four 
planned for installation next year. Each of the new 
substations will contain one 3,000-kw. mercury arc 
rectifier, except at Goose Cieek where portable syn¬ 
chronous converter equipment will be installed. The 
rectifiers will be adapted for 60 or 25 cyde operation, an 
external reactance beipg added for the lower frequency. 
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Delaware, Lackawanna cfe Western Railroad 

The suburban electrification of the D. L. & W. E. E. 
was inaugurated between Hoboken and Montclair, N. J. 
on September 3, 1930, the service to South Orange, 
N. J. September 22, 1930 and that to Morristown, 
N. J. December 18th. The present electric installation 
was completed with the electric operation in January 
1931 to Gladstone and Dover, N. J. This electric 
operation comprises about sixty-eight route miles and 
one hundred and fifty-eight miles of track; and includes 
282 multiple unit cars. These cars operate in pairs, 
the units consisting of one motor car and one trailer 
each. Five substations, each containing mercury arc 
r^tifiers, furnish the distribution power at 3,000 volts 
direct current. Two electric three-power locomotives 
(oil, storage battery, and trolley operated) have been 
acquired and are used for switching and transfer service 
between Jersey City and Secaucus freight yards. The 
D. L. & W. is the first heavy traction service in this 
country to utilize 3,000-volt direct current on motor 
cars, and the first to install exclusively mercury arc 
rectifiers. 

New York Central Railroad 

The Cleveland Union TOTninal electric operation 
was inaugurated June 28, 1930. This project com¬ 
prises 17 miles of route and about 60 miles of track, 
between Collinwood and linndale, Ohio, and employs 
twenty-two locomotives. These locomotives are 2-C 
-f- C-2, weighing about 204 tons, of which 150 tons 
is on drivers. They are designed for a maximiun 
speed of 70 mi. per hr. The locomotives are used inter¬ 
changeably for switching or road service. Train 
heating boilers, oil-fired, are provided on the locomo¬ 
tives. The power distribution is by means of 3,000- 
volt direct current, using a catenary system. This is 
supplied from two substations, one 3.5 miles west, and 
the otixer 7.2 miles east, of the Union Station; each 
equipped with motor-generators, remotely controlled 
from the terminal building by a supervisory system of 
the synchronous selective type. The installed capacity 
is 9,000 kw and 6,000 kw. respectively. 

The New York City electrification of the New York 
Central is progressing. The “West Side” tracks will 
be electrified by the middle of the current year as far 
south as Seventy-second Street, the tracks north of 
that point being on a viaduct, or on private right-of- 
way. Forty-two freight locomotives have been pur¬ 
chased for this service. Distribution of power is by 
direct current at 660 volts using a third rail. South 
of Seventy-second Street the tracks are on city streets, 
and the operation will be accomplished by three-power 
(oil-electric-storage batte^) locomotives, of which the 
railroad has purchased thirty-five. 

Reading Railroad 

The electrification of the Eeading Eailroad at 
Philadelnhia is progressing, and operation should be 
started about the middle of the current year. This 


project includes about 69 route miles and 161 miles of 
back; seventy multiple unit cars will be operated 
initially. The distribution system is at 11,000 volts, 
single-phase, 25 cycles. 

Great Northern Railway 

The Great Northern Eailway has placed in service 
four new motor-generator locomotives with axle ar¬ 
rangement 1-C -f C-1, essentially similar to those 
of that type already in operation. Each locomotive 
weighs 263 tons, of which 210 tons is on drivers. The 
distribution of power is at 11,000 volts, 25 cycles, 
single-phase. 

Illinois Central 

The niinois Central Eailroad placed in service in 
1930, four 100-ton straight-electric locomotives for 
switching service, and also five 600-hp. oil-electric 
locomotives of the Diesel type. The motive power 
now in suburban service consists of 280 multiple unit 
cars, 140 of which are motor cars and 140 are trailers. 
In the freight switching service, there are now four 
straight-electric locomotives and six 600-hp. oil-electric. 
The power distribution is 1,500 volts, direct current. 
About 154 track miles are electrified. 

New York, New Haven and Hartford Railroad 

The final extension of the New York, Westchester 
and Boston Eailway to Port Chester, N. Y. was com¬ 
pleted late in 1929. The New York, Westchester and 
Boston—an integral part of the New Haven electric 
operation, now operates from Harlem Elver to Mount 
Vernon, N. Y., with branches to White Plains, N. Y. 
and to Port Chester, N. Y. The total New Haven 
a-c. electrified mileage is now about 577 track miles, 
over approximately 116 miles of route. The road 
operated, as of the end of 1930,141 electric locomotives 
and 267 multiple-tmit cars. The New Haven last year 
placed in service nine multiple-unit cars. During the 
current year there will be added to the equipment, ten 
200-ton passenger locomotives and 33 mxiltiple-unit 
cars. The power distribution of the New Haven is at 
11,000 volts single-phase, 25 cycles, but the passenger 
motive power is designed to take power also from the 
New York Central third rail at 650 volts, direct current. 

SubstaMons for Electrified Railroads 

The conversion of power for distribution on the 
Delaware, Ladkawanna and Western electrification is, 
as previously noted, entirely by means of mercxuy arc 
rectifiers. This installation consists of 18 units in 5 
substations with a total capacity of 40,000 kw. The 
rectifiers are also provided with a means of compoimd- 
ing, so that voltage can be maintained over a fairly 
wide load range at substations. Eeference is made to 
the report of the Technical Committee on Automatic 
Stations covering this feature. Four of the substations 
are manually operated but are provided with many of 
the usual automatic protective features. One sub- 
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station is completely automatic. Remote and sup^- 
visory control are provided for the automatic substation 
and the tie stations. 

In its electrification the Pennsylvania Railroad has 
continued with the 11,000-volt distribution system 
now in use on other parts of its system involving step- 
down transformer substations installed at intervals of 
7 to 8 miles. The Reading electrification consists of 
the three-wire distribution system with 11,000 volts bn 
the trolley and a feeder of 33,000 volts. Auto trans¬ 
former stations are used at intervals, to transfer energy 
from the 83,000-volt feeder to the 11,000-volt trolley. 
Some of the substations of the Pennsylvania Railroad 
electrification are remotely controlled from adjacent 
signal towers, and those of the Reading are controlled 
by supervisory control so that the power director in¬ 
directly or directly has control of all circuit breakers 
within his jurisdiction. 

The Cleveland Union Terminal Substations contain 
two and three 3,000-kw. motor-generator sets respec¬ 
tively, with complete automatic control. A synchro¬ 
nous selective supervisory control system with remote 
telemetering provides the dispatcher, located in the 
Terminal Building, with complete supervision and 
indication of the substation, feeders and tie station. 

High-speed air circuit breakers have been employed 
in all substations of the d-c. systems mentioned above, 
and the Pennsylvania Railroad and Reading Railroad 
a-c. systems have employed high-speed a-c. breakers 
of the air and oil ts^pe. Reference is made to the 
report of the Committee on Protective Devices for 
data regarding the various types of high-speed circuit 
breakers available for a-c. and d-c. service. 

Electric Locomotives 

A novel development in the field of a-c. locomotive 
design has occurred abroad. In this design the low- 
voltage terminals of the transformer are permanently 
brought out, and all voltage control for the motors is 
by means of an oil-immersed tap changer and air 
switches from the high-voltage windings. The arrange¬ 
ment is a development of the growing iise of the scheme 
of “tap-changing under load” and if it is found to be 
practicable under service conditions, should materially 
simplify the design of a-c locomotives. 

A novel development in electric locomotive design 
has been accomplished in the new locomotive of the 
Illinois Central Railroad. This compensates the ten¬ 
dency of reduced weight upon the forwatd dri^ere at 
high drawbar loads, especially at starting, on account 
of the moment of the drawbar pull and rail reaction. 
The arrangement consists of shunts for weakening the 
field of the leading motor of each truck, which reduces 
the tractive effort of the leading motor and increases 
that of the rear, in proportion to the field strengths of 
the two motors. The forward drivers thus show less 
tendency to slip and the drawbar capacity is therefore 
increased. 

There has been a number of notable improvements 


recently in the design and construction of the single¬ 
phase motor which have materially decreased its weight 
per horsepower and have improved eflSciency and 
power factor. Attention is called to the report of the 
Committee on Electrical Machinery for descriptions of 
these developments. 

OU-Electric Locomotives 

In addition to 35 oil-electric-storage battery locomo¬ 
tives acquired by the New York Central Railroad for 
the “West Side” operation in New York City, seven 
similar units have been placed in service in Chicago, 
and as above stated, two on the Delaware, Lackawanna 
& Western Railroad. The Canadian National last 
year acquired a Diesel locomotive, as have various 
industrial concerns. 

A novel arrangement of Diesel locomotives has been 
developed, wherein the engineer’s driving position is 
raised to a sort of mezzanine floor, so the engineer may 
look over the top of the train he is moving. In this 
design, controllers, air brake handles, etc., are provided 
at both sides of the cab so the driver may 'move from 
side to side as desired to observe signals from the 
switching crew. 

Rail Cars 

Fifty-six rail cars of gasoline and oil electric design 
were produced in this country during the past year. 
As an indication of the increasing use of this type of 
equipment in heavier service, the average power of 
these cars was about 460 hp. as compared with about 
350 hp. the average in 1028. 

Marine Transportation 

A number of turbo-electric and Diesel-electric vessels 
of various types was produced in 1930. The S. S. Presi¬ 
dent Hoover is the largest electrically driven liner 
produced thus far. The propelling equipment consists 
of two 14,000 hp. turbines with three-phase 10,100-kw. 
generators, and two 13,260-hp. synchronous induction 
motors. Auxiliary electric apparatus on steam a-nH 
Diesel propelled craft has developed in a number of 
different directions, replacing steam auxiKaries. At¬ 
tention is called to the report of the Technical Com¬ 
mittee on Application of Electricity to Marine work. 

Aviation 

A number of electrical devices has added to the art 
Of aviation during the past year. Among these is the 
“turn compensator,” an electrically driven device to 
correct the error experienced in all types of “earth 
inductor” compasses when the direction of the ship 
is suddenly changed. This device may also be used as 
a “turn indicator” to show quicWy and with reasonable 
accuracy the angular change in direction. 

Re<%ntly developed engine-performance indicators, 
electrically operated, showing oil-pressure, oil-tempei> 
ature, sp^d, etc., are of value espedally on multiple- 
engine ships, by permitting remote indication. 
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In the held of illumination for aviation, wing-lights 
set into the leading edge of plane wings increase efiS- 
dency by reducing non-productive air resistance. Air¬ 
ways are being illuminated by increadngly powerful 
and efficient beacons. The illznnination of landing 
helds by means of hood lights and marking lights is 
keeping pace with other developments. 

Railroad Signaling 

Centralized traffic control by means of coding 
systems is rapidly being extended on railroads. This 
enables a di^at^er or tower operator to remotely 
control switches and signals over a large territory and 
thus direct trains quickly and effectively without the 
necesdty bf train orders. 

Urban Transportation 

The chief developments in urban tran^rtation are 
efforts to obtain faster car acceleration, higher speeds, 
and better braking, to compete with increasingly 
difficult traffic conditions. The increased use of double- 
reduction and worm gears has made the operation of 
higher speed motors practicable with marked decrease 
in weight (especially in unspnmg weight). Lower 
hoors, with greater speed in loading and unloading, are 
features of some of the new drives. 

The modem trolley bus is being used for many 
services where street cars or gasoline buses were applied 
previously. Economy of operation and low investment 
cost insure a widespread use of trolley buses, especially 
where it is possible to utilize existing powm* plant, 
substation, and power distribution facilities. In Chicago, 
for instance, over fifty-seven miles of line have been 
equipped for trolley bus operation, and seventy-five 
buses are in use. 

The gas-electric coach, which has hitherto shown its 
chief advantages in congested urban traffic where 
frequent and rapid acceleration is necessaiy, is invading 
the interurban fidd. 

Attention is called to the expansion of the subway 
mileage in Philadelphia, New York, and Brookljm. 
Plans for a subway in Chicago have been approved. 

Rail JB^essure Detector 

The Sperry device for detecting fissures in track rails 
has been operated intensively throughout the country 


with valuable results. Continued use of this device 
should materially reduce rail failures. 

Welding 

Electric welding is increasingly used not only in 
railroad shops (as in other industries), but for building 
up rails and "special work” at frogs, crossings, etc. 
Rail bonds for traction and signal piuposes are in 
many instances welded to the head of the rails. 

Vertical Transportation 

The ever increasing height of buildings necessitates 
constantly increasing efficiency and speed of elevators. 
Speeds of 900 ft. per min. are now operated. A recent 
devdopment to increase space efficiency in high build¬ 
ings, is the operation of two or more elevators in a 
sin^e shaft, so synchronized that one elevator may be 
started and run as "express” for a certain number of 
floors before the car next below it starts. Needless to 
say the operation is interlocked by means of limit 
switches and kindred devices to prevent the cars from 
coming together. 

General 

Attention is called to the development of various 
types of apparatus which apply to transportation as 
well as to other forms of utilization of electridty as 
desmbed in various technical committee reports. 
Included in this category are turbo-generators and other 
power plant facilities, motors, circuit breakers, insula¬ 
tors, transformers, lightning arresters, cables, rdays, 
substations, etc. Many of these types of apparatus 
are applicable to transportation, only by accomplishing 
some more or less important modifications, and the 
attention of various technical committees has been 
called to special modifications of this Mud. 

Attention is called to the work which is being carried 
on under the auspices of the American Standards 
Association on Definitions of Electrical Terms (C-42) 
for which tiie A. I. E. E. is sponsor. To Subcom¬ 
mittee No. 6 is assigned the field of "Horizontal Trans¬ 
portation.” It is hoped that when this yeij important 
subject is complete, and published, general use will be 
made of the definitions and that some confusion which 
now mdsts will thus be avoided. 



Protective Devices 

ANNUAL REPORT OF COMMITTEE ON PROTECTIVE DEVICES* 


T he work of the Committee on Protective Devices 
during the past year was accomplished largely 
through subcommittees, which are listed below 
with their chairmen: 

Relays, W. W. Edson; Oil Circuit Breakers, Switches 
and Fuses, L. P. Hickemell; Lightning Arresters, 
H. K. Sels; Fault Current Limiting Devices, H. B. 
Wood; Joint Interconnection Subcommittee,! P. C. 
Hanker. 

The activities of the Protective Devices Committee 
may be divided into the following three classes: 

1. Preparation of standards 

2. Review of research and development 

3. Fostering the preparation and presentation of 
papers. 


General 

During the year the work of the committee in co¬ 
operation with the National Electric Light Association 
in the preparation of a supplement to the Relay Hand¬ 
book was completed. 

Revised standards for lightning arresters have been 
prepared and issued in report form by the Standards 
Committee. 

Progress has been made in the preparation of 
standards for fuses and revised standards for disconnect¬ 
ing, horn gap and knife switches. It was hoped that 
the standard for fuses could be sent to the Standards 
Committee this year, but due to difficulties in obtaining 
complete agreement as to the subject matter of this 
standard there has been some delay. These standards 
should be forwarded to the Standards Committee in the 
latter part of 1931. 

The committee has maintained dose contact with 
research and development relating particularly to 
lightning protection, high-speed oil circuit breakers, 
and stability of operation, which greatly facilitated its 
work in fostering the preparation of suitable papers 
relating to these subjects. 


♦COMMITTEE ON PROTECTIVE DEVICES: 


Raymond Bailey, 
J, E. Allen, 

A. O, Oummins, 
H. W. Drake, 

W. S. Edsall, 

W. W. Edson, 

L. E. Frost, 

E. E. George. 
Henxian Halperin, 


UUIrU, 

F. O. Hanker, 

E. A. Hester, 

L, F. Hickemell, 
Dr. M. G, liloyd, 
J. P. McKearin, 

H. A. McLaiighlin, 
A. M. Bossman, 


A. H. Schirmer, 

H. K. Sels. 

H. P. Sleeper. 

E. B. Stanflacher, 

H. B. Summerliayes. 

B. M. Wood. 

H. B. Wood. 


fThis is a joint subcommittee of the committee on Power 
Generation, Power Transmission and Distribution and the 
Protective Devices Committee. 


The work of the committee during the past year has 
emphasized more than ever the following points. 
First, the desirability of planning the presentation of 
papers sufficiently in advance so that they may be 
grouped for presentation in the most suitable manner^ 
Second, the necessity, if maximum advantage is to be 
realized from Institute sessions, of having papers avail¬ 
able for reading sufficient time in advance of meetings 
to permit of well considered discussion. The im¬ 
portance of this latter point is so great that every effort 
should be made to see that it is carried out effectively. 

On account of the fact that in a number of cases other 
technical committees of the Institute have a very 
definite interest in the application or use of devices 
coming under the jurisdiction of the Protective Devices 
Committee, very dose coordination of activities is 
required. This is particularly true in matters relating 
to interconnection and stability of operation handled at 
the present time by the joint subcommittee having 
representatives from the Power Generation and Power 
Transmission and Distribution Committees, in addition 
to the Protective Devices Committee. It may be that 
there vrill be sufficient important matters which affect 
a number of committees to warrant selecting some 
method of handling them that will permit of direct 
effective action without the complication and delays 
that are bound to happen in coordinating work with 
several large committees. 

Relays 

Report of Subcommittee 

Further development of high-voltage transmission 
and interconnection with rather severe requirements 
as to stability and continuity of service, have focused 
attention on the necessity of rapid clearing with extreme 
predsion, and the development of the art of relay pro¬ 
tection has advanced as a consequence. Relays have 
been developed including directional, balanced, and 
dififer«itial relays capable of operating in one-sixtieth 
of a second. 

These are being tried out in service and their opera¬ 
tion is bdng watched with much interest. Apparently, 
additional work should be done to simplify these relays 
and thdr mechanical construction details, so as ' to 
insure among other things high-speed operation under 
all conditions, and to prevent shifting of the balance 
point. Also, further development will apparentiy 
have to be gone ahead with to eliminate certain difficul- 
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ties in the application of these relays to short line sec¬ 
tions or to ground protection. 

The most important work of the subcommittee for 
the year is the completion of the revised edition of the 
Relay Handbook, in cooperation with the corresponding 
committee of the N. E. L. A. 

The following papers, prepared under the auspices 
of this subcommittee, have been presented before the 
Institute: 

Relay Developments on Southern California Edison 
System, E. R. Stauflfacher, Southern California Edison 
Company. 

Operating Experience vrith Reactance Type Distance 
Relays, E. E. George, the Tennessee Electric Power 
Company. 

Protection of Three-Winding Power Transformers, 
R. E. Cordray, General Electric Company. 

Fundamental Basis of Distance Relaying, W. A. Lewis, 
Westinghouse Elec. & Mfg. Company. 

Oil Circuit Breakers, Switches, and Fuses 

Report of Subcommittee 

A prominent feature of oil circuit breaka* develop¬ 
ment is the number of large installations of metal-clad 
switchgear. Among these may be mentioned the 
installation of 38-kv. oil-filled gear on the system of the 
Public Service Company of Northern Illinois, the 13-kv. 
gum-filled gear at the Leaside Substation of the Hydro- 
Electric Power Commission, and air-filled gear on the 
system of the Jersey Central Power & Light Company. 

Since last year’s development of the deion circuit 
breaker, further results have followed the discovery of 
this method of are extinction. With the addition of 
deion grids, ordinary oil circuit breakers have opened 
3,500 amperes at 110,000 volts with 1.5 cycles of arcing; 
and 3,000 amperes at 200,000 volts with 3.5 cycles of 
arcing or less. Decreased arcing assures more satis¬ 
factory breaker performance, less deterioration of .oil 
and contacts and lower maintenance. The stability of 
the whole power system is improved, since short circuits 
are more likely to be cleared before they can affect 
synchronous machines. 

The deion oil-less breaker in the meanwhile has been 
developed for a greater range of ratings. At one ex¬ 
treme is a one million kva. 23 kv. circuit breaker which 
has undergone interrupting capacity tests including 
some shots as high as 800,000 kva. (It will be recalled 
that among last year’s achievements were reported 
successful interruptions of short circuits in the order of 
60,000 kva.) On the other extreme is the breaker 
(using 2.5-inch plates) which repeatedly intMTupted 
10,000 amperes at 600 volts alternating current. This 
small deion breaker shows great promise in a wide field 
of the moderate and smaller powers; such, perhaps, as 
industrial service. 

Efforts to improve rating standards for oil wcuit 
breakers continue. 

Announcements by the manufacturers, indicate 


healthy activity in the development of new forms of 
circuit interrupters, such as the oil-blast oil-circuit 
breakers, multiple break and others. 

The following papers, prepared under the auspices of 
this subcommittee, have been presented before the 
Institute: 

The Mechaniccd Performance of Oil Circuit Breakers, 
A. C. Schwager, Pacific Electric Mfg. Co. 

Outdoor Switching Equipment at Northwest Station, 
W. F. Sims and C. G. Axell, Commonwealth Edison Co. 

Magnitudes and Rates of Rise of Circuit Breaker 
Recovery Voltages, R. H. Park and W. P. Skeats, General 
Electric Co. 

Trend in Development of Modern Circuit Interrupters, 
J. B. MacNeill, Westinghouse Elec. & Mfg. Co. 

OH Circuit Breaker Tests—Phih 19S0; Aims, Set-Up 
and ResuMs from a System and Operating Point of View, 
Philip Spom and H. P. St. Clair, American Gas & 
Elec. Co. 

The Oil-Blast Circuit Breaker, D. C. Prince and W. P. 
Skeats, General Electric Co. 

Field Tests on Standard and Oil-Blast Explosion 
Chamber Oil Circuit Breakers, R. M. Spurck and H. E. 
Strang, General Electric Company. 

Lightning Arresters 

Report of Subcommittee 

The Subcommittee is advised that studies of lightning 
and the effects of lightning were continued throughout 
the year by means of field investigations on transmission 
systems in several widely separated localities. The 
knowledge of the character and behavior of high-voltage 
surges originating from lightning on transmission lines 
was extended by the use of cathode-ray oscillographs at 
field stations located in Arkansas, Illinois, Michigan, 
New Jersey, Ohio, Pennsylvania, and West Virginia. 
In two cases, Michigan and New Jersey, the behavior of 
waves on transmission lines was studied in detail by the 
use of both portable cathode-ray oscillographs and 
impulse generators. Practically a continuous investi¬ 
gation was maintained also of the performance of 
lightning arresters, and many other associated phases 
of the lightning protection problem. About 3,000 
oscillograms were taken which have already proved 
valuable in the study of problems related to lig h tning 
protection. 

Better coordination of records in the 1930 lightning 
investigations has indicated the growing importance of 
direct strokes. Records obtained on high-voltage h'npia 
tend to confirm the thought that overvoltage due to 
direct strokes are more important than those due to the 
induced effect from lightning strokes primarily on 
accpunt of their greater magnitude. 

Impulse tests made in the field tend to confirm the 
conclusion that best protection with lig h tning arresters 
is obtained when the arrester is located dose to the 
equipment to be protected and the leads as short as 
possible with low groimd resistance. If the arrester 
cannot be located dose to the equipment and at the 
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same time retain short leads, keeping the leads short 
appears to be the more important. Also, the arrester 
and equipment should be connected to the same ground 
but if .this is not convenient, more attention must be 
given to the arrester ground to be sure that its resistance 
is as low as possible. 

The highest voltage lightning arresters ever built were 
recently installed by the Hydro-Electric Power Com¬ 
mission of Ontario. Under emergency conditions of 
generator overspeed and abnormal line voltage, they 
will not be damaged by voltages as high as 268,400 volts. 
Normally, four of the twenty-two arrester units in each 
phase leg are short circuited by a high speed switch 
which opens automatically in less than h^ a second 
when waterwheel overspeed and overvoltage occurs. 
This is also the largest arrester installation for voltages 
over 200,000. One three-phase arrester is installed for 
the protection of each of four banks of transformers. 

The commercial development of the porous block 
autovalve arrester has made available a new arrester 
which is considerably smaller and has much better 
performance characteristics than the earlier autovalve. 
The arrester is constructed in fewer porcelain-cased 
units with a totally enclosed gap structure which in the 
lower voltage sizes results in the complete arrester being 
housed in a single casing or two casings with gaps and 
elements separate. The protective action of the ar¬ 
rester is similar to the old one but it has-practically no 
time lag in its operation and a low ratio of discharge 
voltage to normal voltage. A small and compact form 
of line arrester has been developed which can be applied 
to prevent the fiashover of insulator strings. A num¬ 
ber of installations of these line arresters has been 
under observation for the past two years in order to 
gather data on the effectiveness of such protection for 
transmission line insulators. 

With the commercial development of thyrite, a new 
form of lightning arrester became available. The 
arrester is constructed in the form of self-contained 
units, it only being necessary for any application to 
moxmt an appropriate number of units one upon another. 
A gap structure has been provided in,each unit so con¬ 
structed that substantially no time iag occurs in the 
operation of the gap. This arrangement, coupled with 
the characteristics of the material, insures an arrester 
which has practically no time lag in its operation. A 
number of installations of these arresters has been 
made, the highest voltage arrester in service being of 
230 kv. rating. Another form of th 3 uite arrester was 
developed which is incorporated in a string of suspension 
insulators and used to prevent the fiashover of the 
insulator string for all but the most severe conditions. 

A new protective device operating on a deion princi¬ 
ple in a small bore tube for use in the prevention of 
insulator fiashover by lightning has been developed in 
certain voltage ratings. • 

The revision of the proposed Standards for Lightning 
Arresters for alternating-current power circuits was 
completed and accepted by the Committee on Protec¬ 


tive Devices for printing in report form. The sub¬ 
committee hopes that there will be widespread use of 
these standards in order that they may be put in final 
shai)e for adoption by the Institute. It is expected 
that development in the art of protection from lightning 
will probably make it necessary to revise these standards 
from time to time as additional technical information 
becomes available. 

The work of the subcommittee indicates that the 
following matters should receive considerable attention 
in the future: (1) the determination of more representa¬ 
tive test surges, (2) the development of tests to deter¬ 
mine operating condition of arresters in service, (3) 
investigation of present operating practise on trans¬ 
mission and distribution systems relative to arrester 
installation, operation and performance as affecting 
suitable standards, and (4) the coordination of line 
and station type arrester application in the field with 
the activities of other committees interested in the 
grading of system insulation. 

The following papers, prepared under the auspices 
of this subcommittee, have been presented before the 
Institute: 

An Experimental Lightning Protector for Insulators, 
J. J. Torok, Westinghouse Elec. & Mfg. Co. 

Field Tests on Thyrite Lightning Arresters Using 
Artificial Lightning of1,500,000 VoUs, K. B. McEachron 
and E. J. Wade, General Electric Company. 

Fault Current Limiting Devices 

Report of Subcommittee 

The reactor installations made during the year are 
characterized by high electrical ratings and greater 
physical size, particularly in bus-sectionalizing applicar 
tions which seem to be on the increase. 

Among the largest ever built in physical size is an 
application of 4,000-kva., 161-kv. bus sectionalizing 
reactors giving 10 per cent reactive drop when 120,000 
kva. is transferred across the reactor. 

Another outstanding installation from the standpoint 
of physical size consists of three 6,400-kva. oil-immersed 
reactors on the 110-kv. system of the Pacific Gas & 
Electric Co. 

Noteworthy from the standpoint of electrical rating 
are eighteen bus-sectionalizing reactors rated 7,340 kva. 
giving a 16J4 per cent reactive drop in a 133,000-kva., 
27,600-volt circuit now on order. 

Current-limiting reactors of the dry type inst^ed 
in metal housings and rated 833 kva., 693 volts, 1,200 
amperes, 60 cycles, were used to sectionalize a 24,000- 
volt bus. They introduce 6 per cent reactive drop 
between the sections when 60,000 kva. are being trans¬ 
ferred. The housings are supported on insulatora amd 
are connected to a ground buss. 

Bus-s^tionalizing reactors were in some instances 
provided with disconnecting device which autphlatir 
cally break the circuit when the reactor is removed from 
its operating location. ' 

Representative opinion • has- ^been secured on - thie 
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desirability of including in the new A. I. E. E. Standard 
for Fault Current Limiting Devices the material on 
reactors now in A. I. E. E. Standards No. 13 and also 
information on grounding transformers, generator 
neutral reactors, and Petersen coils. As yet no definite 
decision has been reached. 

Interconnections 

Report o< Joint Subcommittee 

The work of the Joint Interconnections Subcommittee 
has related almost entirely to the preparation of papers. 
A comprehensive paper on Present Day Practise in 
Grounding of System Neutcds was prepared by the sub¬ 
committee and presented at the Pittsbmgh District 
Meeting. 

A paper entitled Impulse Test on Suhstations, by 
Messrs. Brookes, Southgate, Roman, and Whitehead, 
was presented at the Winter Convention. 


The following papers were presented at the Pitts¬ 
burgh Meeting: 

Committee Report on Present Day Grounding Practises, 
C. A. Powel, Chairman. *> 

Reactance of Transmission Lines with Ground Return, 
J. E. Clem, General Electric Company. 

Power System Voltages and Currents Under Fault 
Conditions, R. D. Evans and S. H. Wright, Westing- 
house Elec. & Mfg. Company. 

Simultaneous Faults and Six-Phase Transmission, 
Edith Clarke, General Electric Company. 

Power System Voltages and Currents Under Fault Con¬ 
ditions, R. D. Evans and S. H. Wright, Westinghouse 
Elec. & Mfg. Co. 

Series Resistance Method of Increasing Transient 
Stability Limit, R. C. Bergvall, Westinghouse Elec. & 
Mfg. Co. 


Research 

ANNUAL REPORT OF COMMITTEE ON RESEARCH* 


D uring the year the Committee members have 
reviewed twenty-six papers and recommendations 
have been made to Headquarters for their dis¬ 
position. Each paper has been reviewed by three or 
more members and outside experts. The Committee 
held one session at the Winter Convention at which 
eight of the approved papers were presented. Addi¬ 
tional papers, obtained through the Committee on 
Research, are scheduled for the Summer Convention 
and several papers made available for district meetings. 
All business was carried on through correspondence as 
the only Committee meeting scheduled, at the Winter 
Convention, had to be abandoned because of conflicts. 

The following topics are of sufficient importance to 
be called to the attention of the electrical engineering 
profession. The subjects reported have all been sug¬ 
gested by the Committee members, i^ecial assistance 
having been given by Messrs. W. G. Cady, V. Kara- 
petoff, H. H. Race, D. W. Ropa:, T. Spoonra*, and 
J. B. Whitehead. 


Physics 


In the field of physics there has been a number of 
theoretical and experimental accomplishments of some 
interest during the past year. 
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The knowledge of cosmic rays has been advanced 
somewhat with two schools of thought: certain investi¬ 
gators, as a result of certain experimental evidence, are 
convinced that cosmic rays are actually high velocity 
particles. However, Dr. Millikan, from intensity mea¬ 
surement of the cosmic rays in northern latitudes, 
feels quite certain that they are actually rays, since they 
are not affected by the earth's magnetic field. Dr. 
Millikan concludes that the cosmic rays have their 
origin not in the stars, but in interstellar space and 
that they are due to the building up of the commoner 
heavy elements from hydrogen, it being thoroughly 
established by spectroscopy that hydrogen is widely 
distributed through space. Several of the more com¬ 
mon elements and also helium exists in interstellar 
space. 

After seven years of intensive work. Dr. Paul Heyl 
of the Bureau of Standards has remeasured the constant 
of gravitation, or as the newspapers would put it, the 
weight of the earth. This figure is 6.670 x 10-® c. g. s. 
units. 

Eddington has developed a theory which makes 
possible the calculation of the ratio of masses of an 
electron and proton as well as the sizes of the electron 
and of the universe. 

The generation of very short radio waves is possible 
by a number of means, among them the Bar^ausen 
tube. This tube is a three electrode tube with suitable 
voltages applied to the grid and plate and provided 
with parallel Lecher wires. The frequency is dependent 
on the speed of the electro^ as affected by the voltages 
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and spacing of the electrodes and is independent of the 
external characteristics. Shuster has applied quantum 
mechanics to the problem of the Barkhausen tube and 
has calculated correctly the observed frequencies. 

As a result of the work of Grondahl it has been known 
for some years that copper oxide on copper had a photo¬ 
electric effect, making possible the generation of electric 
energy from sunlight. Dr. B. Lange of the Kaiser 
Wilhelm Institute for silicate investigation has obtained 
some interesting results with the copper oxide cell. 
According to newspaper reports he has, with the use of 
silver selenide, obtained similar residts, but of one 
hundred or more times as much magnitude. However, 
for the generation of power from sunlight, the develop¬ 
ment is very far from being commercial owing to the 
high cost and low output. 

Mbdicinb and Physiology 

In the realm of medicine and physiology there has 
been a number of developments of interest to the elec¬ 
trical engineer. The recent paper on "Experiments on 
High Voltage Tubes,” by Tuve, Hafstad, and Dahl of 
the Department of Terrestrial Magnetism, Carnegie 
Institution of Washington, describes an X-ray tube, 
the voltage of which can be as high as 2,000 kilovolts. 
At 1,300 kilovolts the absorption coefficient, after 
filtering through one inch of lead is the same as that 
for the gamma rays from radium in equilibrium mea¬ 
sured under the same conditions with the same instru¬ 
ment. This result has been attained by the so-called 
heat working of the pjrex glass. This high-voltage 
tube should serve as a new tool to the medical profession. 

For the treatment of cancer there has been developed 
by Dr. W. D. Coolidge a 900,000-volt X-ray tube to be 
installed in the New York Memorial Hospital. 

It is well known that fever assists in destroying 
certain disease germs. It is possible, by the use of 
high frequency electrostatic fields, to produce artificial 
fever, thus assisting nature. Considerable success has 
been obtained by this method during the past year. 

Dr. George Sperti of the Univeibity of Cincinnati 
has succeeded in using selected regions in the ultra¬ 
violet spectrum for the irradiation of foods; for example, 
he has been able to create Vitamin D in milk without 
spoiling the taste. 

Dr. H. C. Rent^hler has developed a method for 
measuring ultraviolet radiation by the use of a suitably 
designed photocell and a condenser. The condenser 
is charged slowly through the photocell and discharges 
through a counter at a rate dependent upon the ultra¬ 
violet radiation received by the photocell. 

Dielectrics 

Considerable progress has been made in insulation 
and didectric research during the past year. Much 
work is being done to improve the processing in the 


manufacture of high-voltage cable insulation and also 
to detect a faulty impregnated cable before it goes into 
service. At Johns Hopkins University the value of 
thorough drying by the use of vacuum and air pressure 
during impregnation and the use of gas free oils have 
been studied further. To detect poor insulation, 
research workers of the University of Illinois are 
measuring high frequency discharges which constitute 
internal ionization. 

Studies on the oils themselves are imder way at the 
Detroit Edison Company, Cornell University, and the 
Brooldsm Edison Company, with special emphasis on 
the life characteristics and products of such oils imder 
electrical stress, particularly ionic and electronic 
bombardment. At the Detroit Edison Company, it 
has been found that by bombardment of the oil vapors 
in a vacuum, the composition of the gas produced 
varies from one hydrocarbon to another and is quite 
complex, but consists roughly of 60 per cent hydrogen 
and 50 per cent unsaturated hydrocarbons. Liquids 
and wax-like solids are also produced. The solid 
formed is a duplicate of the compound “X” found in 
cables which have been in service. The formation of 
this substance in cables indicates internal corona. 
Five normal paraffin hydrocarbons of simple chemical 
structure and of very high purity have been prepared 
at the Bureau of Standards and studies are being made 
Of their electrical characteristics. 

Further studies have been made of polar compounds 
in liquid dielectrics. The frequency-temp«rature-loss 
characteristics have been studied in a number of 
laboratories with most interesting results. In addi¬ 
tion, the polar characteristics of certain commerdal 
insulating liquids are being studied, particularly the 
change and polar characteristics during service. These 
fundamental studies should aid in a choice of better 
insulating oils. 

At Johns Hopkins University correlation between 
d-c. absorption and a-e. dielectric loss has been verified 
for several oils, dried paper and impregnated paper 
consisting of the materials previously studied alone. 
The relatively high d-c. conductivity of oil obtained up 
to about one second after electrification was found to 
account for the a-c. losses. The electrical character¬ 
istics of the separate and combined materials of im¬ 
pregnated paper insulation have been studied. This is 
a very important step in the fundamental side of dielec¬ 
tric research. 

Another field of investigation which is just getting 
under way is the use of X-rays to study the molecular 
structure of dielectrics. The work of Dr. Zwicky at 
the Oaliforaia Institute of Technology on mosaics and 
on sodium chloride crystals, and the work in Chicago 
by Dr. Beimett on the effect of an electric field on the 
arrangement of paraffin oystals are worthy of notice. 

There have been numerous important and interest¬ 
ing engineering developments during the p^ year. 



1672 


RESEARCH 


Transactions A. I. E. E. 


Lightning Research 

As the result of the investigations of natural and 
artificial lightning carried on at a nmnber of field 
stations in various parts of the country, it has been 
pretty definitely established by the use of the cathode 
ray oscillograph that most outages and damage to 
transmission lines are the result of direct strokes rather 
than induced lightning. Two records during 1930 were 
obtained of crest values of 4,600 and 5,000 kv. The 
latter value was recorded at a distance of several miles 
from the stroke. At the place of flashover it is esti¬ 
mated that the potential was at least 10,000 kv. It has 
been concluded that a lightning stroke to a ground wire, 
if fiashover does not take place, does not result in a 
surge over the line. By using proper precautions it is 
believed, as a result of these lightning investigations, 
that it will be possible to build transmission lines which 
will be practically immune from lightning. 

There have been developed and placed on the market 
during the year, two new types of lightning arresters, 
namely the thyrite arrester by the General Electric 
Company and the new porous block autovalve arrester 
by the Westinghouse Elec. & Mfg. Co. • These arresters 
have characteristics which are considerably superior 
to their predecessors. 

The commercial development and application of new 
types of discharge tubes have been very active recently. 
It seems evident that these devices are going to occupy 
a very large place in the control and conversion of 
power. 

Radio 

In connection with radio there have been developed 
and put into commercial operation, 200 kw. trans¬ 
mitting tubes for broadcast stations. , 

Mercury-glass three-phase rectifiers have been de¬ 
veloped to supply plate current for these high power 
radio tubes. These rectifiers are rated at 10,000 volts 
and 30 amperes. Additional grid-controlled gaseous 
dischai^e tubes, namely, the Westinghouse grid glow 
tubes and the General Electric th3rratrons which are 
similar in their characteristics, have been developed 
during the year, the larger sizes being able to handle 
75 amperes at voltages up to 1,000 or even 2,000. A 
grid energy of watt or less is required. 

Many new applications for grid glow tubes have 
b^n made recently. Among them is the theater light 
dimmer system which is controlled by very am all 
rheostats which regulate the voltage applied to the 
grids of the tubes. These tubes supply rectified 
alternating current to choke coils which are satmated 
by the pulsating current, thus changing the inductance 
and controlling the lights. The small control wires 
can be led to any desired location, thus conceniarating 
the control and simplifying the operation of the system. 
There are no moving parts and contacts, except for the 
small control rheostats. A very great advantage of 


this tsrpe of control is that the whole lighting program 
for the evening may be preset. 

Miscellaneous 

A new stroboscope called a stroboglow has been 
developed, which illuminates a moving object for a 
period of only 3/10 of a microsecond or less. This 
interval is so short that an object moving at seven 
miles a minute appears to be perfectly stationary with 
no appreciable blur. No moving parts are necessary 
and no connection between the stroboglow and the 
moving object is required. The instrument is cali¬ 
brated for frequency and may be used to determine the 
speed of rotation of the illuminated object. 

A very small tube rectifier has been developed, rated 
at 3/10 of an ampere and 5,000 volts. This rectifier 
is 4H in. long and in. in diameter. It can be 
operated satisfactorily up to 10,000 volts and under 
special conditions, has been carried as high as 30,000 
volts. These tubes are particularly suited for airplane 
radio transmitters. 

A new oscilloscope with a linear time axis has been 
developed which employs a new type of cathode ray 
tube for its essential element. This oscilloscope has 
the advantage over previous tsrpes in that it has a 
larger field and the illumination is very much greater, 
making it possible to observe recurrent phenomena in 
a well lighted room. Non-recurrent phenomena lasting 
for a few microseconds, can also be observed readily 
for qualitative results. For recurrent phenomena the 
cathode beam may be synchronized so that the image 
appears stationary. 

An automatic traffic control system has been de¬ 
veloped and put into experimental use on main high¬ 
ways, using a beam of light crossing the side streets. 
When a car or other vehicle approaches the main 
highway on the side street, the beam is intercepted, 
thus causing a photocell to act giving the minor 
street the green light. 

There has been developed in Germany another 
application of the light sensitive devices for the purpose 
of stopping railroad trains. Light from the headlight 
of the locomotive is refiected from a mirror on the 
semaphore and returns to photocells on the locomotive, 
which when illuminated operate the automatic stop 
mechanism. 

There has recently come into general use in this 
country the electric photo-fiash lamp which was de¬ 
veloped in Germany and is used as a substitute for 
flash-light powder. The bulb contains a quantity of 
aluminum foil in an atmosphere of oxygen. A amall 
filament, when heated electrically, causes the aluminum 
foil and oxygen to combine with an intense illumination. 
The elimination of noise and smoke is greatly appre¬ 
ciated by the average, audience. 

Studies and applications of piezp electric quartz 
crystals have been continued at Wesleyan University. 
By means of the cathode ray oscillograph, the rate of 
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dpng away of the oscillations of these crystal resonators 
has been studied. It has been found that a 600- 
kilocycle crystal started vibrating and left to itself, 
makes «60,000 vibrations before its amplitude falls to 
1 per cent of its initial value. Various types of mount¬ 
ings for the crystals as well as the effect of the shape, 
cut and material of the crystal itself are being studied. 
A determination of the viscosity of quartz as a function 
of frequency is 3 delded by the above measurements. 
The coefficient of viscosity or quartz is approrimately 
five at 600 kilocycles as contrasted with 500 for alu¬ 
minum at 60 kilocycles and with values of the order of 
10® ordinarily quoted for the low-frequency viscosities 
of metals. 

A very accurate clock developed by the Bell Tele¬ 
phone Laboratories was exhibited at Cleveland last 
December, which is unique in that it is controlled 
electrically by a spherical quartz crystal. 

The Stevens Institute of Technology reports the 
development of a clock which is automatically corrected 
by the standard radio time signals. 

The limitations and advantages of commutation and 
current collection in hydrogen have been determined 
by laboratory and commercial experiments. In gen¬ 
eral, in the hydrogen atmosphere there results a lower 
contact drop. Satisfactory operation and long life are 
obtained if sparking is kept low. If appreciable spark¬ 
ing is present the humidity must be kept low. 

The application of the helical groove to slip rings 
and commutators has been developed and applied 
commercially. Under severe conditions of commuta¬ 


tion and current collection this apparently reduces 
brush wear and improves the electrical operation by 
reducing the formation of local hot spots; also bettm* 
distribution of current between parallel brushes results. 

A sample of commercial hipemik (a 50 per cent 
nickel-iron alloy) has been obtained having a ma ximum 
permeability of 167,000. Test samples from other 
castings have given as high as 18,000 for initial per¬ 
meability and upwards of 400,000 for maximum. 

Work during the past year on the fundamental 
nature of ares and their extinction has given a greater 
insight into the problem of circuit interruption and is 
having a very definite effect on the design of circuit 
breakers. 

There has been developed a non-destructive magnetic 
weld test meter for use with butt welds, which shows 
some promise commercially. For a given type of weld 
and a definite kind of steel, comparative results on 
welds are quite reliable. 

At the Naval Research Laboratories interesting work 
has been done using the radiographic method for detect¬ 
ing imperiections in large steel forgings. Ordinary 
X-rays can penetrate only three or four inches of steel, 
but by the use of radium it has been possible to obtain 
photographs through twelve inches of steel. The 
radium has the advantage that it can readily be 
transported to the piece to be inspected and requires 
no complicated auxiliary equipment. If thick pieces 
of steel are to be photograpW, however, either a long 
time must be used or a considerable quantity of radium 
or radium emanation must be available. 
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